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ABSTRACT
This study was aimed at gaining a better understanding o f  the sedimentological 
and morphological characteristics o f  boulder-dominated, coarse gravel-bed rivers 
associated with alluvial fans in humid tropical climates and the transport processes o f 
boulder-size clasts within these systems. The study focused on the Rio Toro Amarillo, 
a braided, coarse gravel-bed river in Costa Rica which drains an active volcano within 
the Atlantic Watershed o f Costa Rica. The investigation involved mapping and 
measurement o f the distribution o f  braid complexes and channels; gradient, grain-size 
distribution, lithofacies, and micromorphology o f the channel-beds and bar surfaces; 
elevational differences between channel bed and bar surface; and flow direction in a 
abandoned channel reach o f the river.
The data demonstrated that coarse-gravel-bed rivers associated with alluvial fans 
in volcanically active areas are capable o f transporting large volumes o f  sediments in a 
short period o f time. High-sediment-concentration flows are suggested to be an active 
contributor to the transport dynamics o f boulder-size clasts during non-catastrophic 
conditions. Inducement o f  such flows would result from changes in the morphology o f 
the system, such as channel shifting, and possibly from destruction o f bed forms. 
Consequently, transport dynamics in these rivers are dictated, in part, by site-specific 
conditions which can result in significant changes in the morphology o f  the river.
A new micromorphological feature was observed in the Rio Toro Amarillo and 
was called "circular rib." A circular rib consists o f an accumulation o f large clasts in a 
half-circular pattern. Boulders and cobbles are lodged against this ridge o f large 
boulders at the stoss-side o f the deposit in an imbricated manner. Lee-side deposits 
generally consist o f finer-grained sediments. Morphologically, circular ribs result in a 
sudden decrease in elevation towards the downstream side o f the ridge; the elevational 
difference being at least the magnitude o f the largest clasts forming the ridge.
xn
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CHAPTER 1: INTRODUCTION
During the last two decades fluvial geomorphologists have focused much o f 
their research on defining the morphological, sedimentological, and hydraulic properties 
o f  coarse gravel-bed rivers and gaining an understanding o f  the dynamics associated 
with these systems (cf. Hey et al. 1982; Thome et al. 1987; Billi et al. 1992; Blair and 
McPherson 1994). However, the results o f  this research are often contradictory and 
many questions regarding the these river systems still remain (Thome et al. 1987; 
Richards 1990; Young and Davies 1991; Billi et al. 1992; Schmidt and Ergenzinger 
1992). This is particularly tm e for braided, coarse gravel-bed rivers in alluvial-fan 
settings (Blair and McPherson 1994), and, especially, the dynamics associated with 
transport o f  boulder-size sediments (Elfstrom 1987; Komar and Carling 1991) in humid 
tropical environments (Thomas 1994, p. 147).
The assessment o f  bedload-movement in coarse gravel-bed rivers has been 
limited because o f  the difficulties in measuring the initiation and transplacement o f clasts 
(cf. Church et al. 1987; Gomez et al. 1989; Schmidt and Ergenzinger 1992) and the 
scale-limitations associated with laboratory modelling o f transport processes o f  coarse 
gravel-bed rivers (e.g., Blair and McPherson 1994). Early studies attempted to define 
the relationships between grain-size and the hydraulic parameters o f  a system to 
ascertain initiation o f  bedload movement. Accordingly, several theories were developed 
to estimate at which flow velocity or initial tractive force a certain grain-size will be 
entrained by the riverfiow (e.g., Hjulstrom 1935; Einstein 1950; Leopold et al. 1964; 
Church 1972). However, these early bedload-formulae did not consider factors such as 
particle shape, packing, friction angle, and exposed area o f  the particle (Laronne and 
Carson 1976; Carling et al. 1992).
More recent investigations further demonstrated the complexity o f estimating 
bedload transport based on hydraulic parameters. For example, small-scale topographic
1
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2variations on channel beds have been shown to affect transport processes in coarse 
gravel-bed rivers (cf. reviews by Robert 1990; Richards and Clifford 1991; Robert 
1993; Rhoads 1994a). In addition, sediment transport in these coarse gravel-bed rivers 
is associated with intrinsic temporal fluctuations o f  bedload movement (cf. reviews by 
Gomez et al. 1989; Hoey 1992), wliich can be partly attributed to the presence o f 
micromorphological bed forms (e.g., Brayshaw 1984; Kirchner et al. 1990). However, 
morphological characterization o f  these micromorphological bed-roughness elements is 
limited and the mechanics o f  how they affect the transport dynamics is still largely 
unknown (Reid et al. 1992; Robert 1993; Rhoads 1994b). Recognition o f  the 
complexity o f  the process o f  bedload transport has resulted in the realization that 
bedload-formulae, often derived from flume experiments and presented as simple 
relationships between hydraulic parameters and grain-size statistics, can not easily be 
applied to coarse gravel-bed river channels.
Furthermore, the competence o f  a river system to transport boulder-size 
sediments is often attributed to high-sediment-concentration flows caused by 
catastrophic events such as failure o f dams, drainage o f ice-dammed lakes, extreme 
rainfall, or volcanic activity (e.g., Stewart et al. 1967; Scott and Gravlee 1968; Bradley 
1983; Costa 1985; Ashida 1987; Bradley and McCutcheon 1987; Elfstrom 1987; 
Rodolfo and Arguden 1991; Smith 1991; Smith and Lowe 1991). While these studies 
incorporate descriptions o f the characteristics o f the predominately coarse-grained 
sedimentary units deposited during these events, and sometimes refer to subsequent 
reworking o f  the deposits by Newtonian flows, discussion o f  the dynamics associated 
with this reworking (i.e., entrainment, transportation, and deposition o f  large boulders) 
and the resulting depositional units is limited. Recognition o f  deposits resulting from 
reworking is o f  particular importance when investigating coarse gravel-bed rivers on 
alluvial fans because high-sediment-concentration flows caused by catastrophic events
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3are also commonly recognized as one o f  the major depositional agents and transport 
mechanisms for the coarse-grained sediments that occur in these systems (e.g., Vessell 
and Davies 1981; Nilsen 1982; Harvey 1984; Koster and Steel 1984; Kesel 1985; 
Kostachuk et al. 1986; Kesel and Lowe 1987; McEwen and Werritty 1988; Fisher and 
Smith 1991; Harvey 1992; Blair and McPherson 1994). Consequently, fluvial systems 
on alluvial fans are likely to reflect the characteristics and dynamics associated with 
reworking o f the large-scale, massive, and coarse depositional units typically deposited 
by high-sediment-concentration flows.
Investigations o f the sedimentological characteristics and dynamics o f  fluvial 
systems on alluvial fans are, however, rare. Because fan aggradation is attributed to 
episodic and catastrophic high-sediment-concentration flows (cf. review by Blair and
McPherson 1994), descriptions o f  the morphological and sedimentological
characteristics o f these coarse-grained deposits are generally focused on the 
depositional units that are deposited during these flows rather than those that result 
from flows under normal or non-catastrophic conditions. In addition, sedimentological 
characterizations o f coarse gravel-bed rivers associated with alluvial fans are largely 
based on comparisons o f river systems in glacial outwash areas or fans in arid climates 
characterized by flash floods. Few studies have examined coarse gravel-bed rivers in 
humid tropical climates because o f  the widely held view that tropical rivers carry little or 
no bedload (Biidel 1977, p. 115).
Several studies have attributed the aggradation o f  fans to processes associated 
with braided rivers because o f  the presence o f a network o f braided distributary-
channels on alluvial fan surfaces (cf. review by Blair and McPherson 1994). The
inappropriate association o f  the braided-distributary-channel network and braided- 
stream environment (Blair and McPherson 1994) has resulted in misconceptions 
regarding the morphological and sedimentological characteristics o f  coarse-grained
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4rivers in both the alluvial fan environments and gravel-bed rivers in sedimentary basins, 
complicating the investigation o f coarse-grained rivers on alluvial fans.
OBJECTIVES
The objective o f  this study is to contribute to a better understanding o f 
morphological and sedimentological characteristics o f coarse gravel-bed rivers 
associated with alluvial fans in humid tropical environments and the transport processes 
o f  boulder-size clasts within these systems. Specifically, this study is aimed at: (1) 
defining the sedimentological and morphological characteristics o f  a braided, coarse 
gravel-bed river on an alluvial fan; (2) evaluating the hydrological conditions during 
which transportation o f coarse clasts occurs; (3) assessing the potential importance o f 
high suspended-sediment-concentration flows as a contributor to the sediment 
transport-dynamics; (4) improving the characterization o f  micromorphological bed 
forms; and (5) evaluating the significance o f  these bed forms on sediment transport 
processes.
RESEARCH APPROACH 
In order to accomplish these objectives a case study was conducted on the Rio 
Toro Amarillo, a boulder-dominated coarse gravel-bed river located on the east coast o f 
Costa Rica (Figure 1). The Rio Toro Amarillo and other similar river systems on the 
Atlantic watershed o f the Cordillera Central form a series o f  coalescing alluvial fans 
which merge into a broad alluvial coastal plain (Kesel 1985; Kesel and Lowe 1987).
The climate in this area is humid tropical and the region is influenced by volcanic and 
tectonic activity. The Rio Toro Amarillo flows from the northern flank o f  Volcan Irazu, 
the southernmost o f three active volcanoes in the Cordillera Central. Based on the 
facies present on the alluvial fan, development o f  the Rio Toro Amarillo fan-complex 
has been noted to be associated with phases o f  sediment-deposition associated with 
high-sediment-concentration flows and subsequent reworking o f the sediments by
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 1 : General location o f  the Rio Toro Amarillo (modified from Kesel and
Lowe 1987).
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6Newtonian flows through a braided-channel network (Kesel 1985; Kesel and Lowe 
1987; Smith and Lowe 1991). Occurrence o f these high-sediment-concentration flows 
on the Rio Toro Amarillo fan has been attributed to periods o f  high sediment supply 
resulting from volcanic eruptions o f  Volcan Irazù (Waldron 1967; Kesel 1985; Kesel 
and Lowe 1987; Smith and Lowe 1991).
The Rio Toro Amarillo constitutes a dynamic and active network o f braided 
channels which drains the alluvial fan surface; the morphology o f  the river system 
reflecting active sediment transport processes. Detailed field investigations o f  boulder- 
dominated coarse gravel-bed rivers have been limited because o f the difficulties 
associated with measuring active sediment transport and flow conditions, performing 
excavations o f  the coarse-grained sediments to determine the sedimentological 
characteristics o f  the deposits, and collecting adequate clast-size and morphometric data 
for analysis. Such an investigation o f the Rio Toro Amarillo would provide information 
on the sedimentological and hydrological characteristics, transport processes o f  
boulder-size particles, and micromorphological features associated with coarse gravel- 
bed rivers in a volcanically active humid tropical environment.
The research conducted in this study consisted of: (1) a literature review on the 
sedimentological and relevant morphological characteristics o f  alluvial fan deposits, 
characteristics and transport dynamics o f boulder-size sediments relative to high- 
sediment-concentration flows, and micromorphological bed forms; (2) determination o f  
the general physical setting o f the Rio Toro Amarillo, including hydrological 
characteristics, suspended sediment load, and potential for high-sediment-concentration 
flows; and (3) field mapping and measurement o f the morphology, sediment types, and 
micromorphological features in a representative portion o f the Rio Toro Amarillo.
The following chapters present the results o f the investigation. The literature 
review in Chapter 2 presents a summary o f  the processes and facies assemblages
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7characteristic o f  alluvial fan environments; an overview o f  the types o f  high-sediment- 
concentration flows, the dynamics associated with them, and their sedimentological and 
morphological characteristics; and a description o f the micromorphological features that 
have been identified in coarse gravel-bed rivers. Chapter 3 consists o f  a description o f 
the methods used in conducting the research. Available information on the physical 
setting o f the Rio Toro Amarillo is provided in Chapter 4. Also discussed in Chapter 4 
is the potential influence o f the physical setting on the flow conditions in the river. The 
results o f  the field investigations performed in the current study are presented in 
Chapter 5 and consist o f  a discussion o f the sedimentary and morphological 
characteristics o f  the deposits in the study area, the flow conditions that potentially 
occurred within the abandoned channel reach, a reconstruction o f the depositional 
history o f  the deposits, and a description o f the micromorphological features identified. 
Conclusions o f  the investigations are provided in Chapter 6.
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CHAPTER 2: LITERATURE REVIEW
Studies o f  sediment transport processes in a river system and the 
sedimentological and morphological characteristics o f  the deposits commonly 
incorporate an evaluation o f  a series o f variables intrinsic to those processes, such as 
hydraulic conditions and morphology and sedimentology o f  the system. For example, 
the characteristics o f  coarse gravel-bed rivers on alluvial fans will be dictated, in part, by 
the deposits through which they flow. Consequently, investigation o f these rivers 
requires knowledge o f  the morphological and sedimentological characteristics o f  fan 
deposits.
However, sediment transport processes can be influenced by external factors 
such as climate, vegetation, geomorphology, and geology, including regional tectonic 
and volcanic activity. These factors may dictate the hydrological regime o f and 
sediment availability to the system and, therefore, influence the morphology and facies 
present and the processes associated with the transport o f  the sediments within the 
system. The following discussion represents a synthesis o f  the current knowledge o f  the 
sedimentological and morphological characteristics o f coarse gravel-bed rivers on 
alluvial fans and the transport processes associated with these systems. Relevant 
differences in these characteristics and transport processes related to external influences 
on the system are also discussed.
ALLUVIAL FANS
The hydraulic and sedimentary processes responsible for fan formation and 
resulting facies assemblages and morphology have been discussed extensively in the 
literature (cf. review by Blair and McPherson 1994). The following discussion presents 
a  brief overview o f selected morphological and sedimentological characteristics o f  
alluvial fans that are relevant within the context o f the current study o f  coarse gravel- 
bed rivers on alluvial fans. A more detailed discussion o f the dynamics o f the
8
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9sedimentary processes and characteristics o f  their deposits is presented in the next 
section o f this chapter. The discussion is largely based on the results o f  a recent and 
comprehensive review o f the literature by Blair and McPherson (1994) which 
emphasized the distinction between alluvial fans and river systems.
According to Blair and McPherson (1994), alluvial fans comprise a distinct 
sedimentary environment, easily discernible from river environments, including braided 
coarse gravel-bed rivers. Unlike the linear or sinuous and plano-concave geometry o f  
streams, the morphology o f alluvial fans is typified by a semiconical plano-convex 
shape. This characteristic geometry contributes to the expansion o f  flows at the 
intersection point o f  alluvial fans and the relatively high relief-differences that typically 
occur along the longitudinal profile o f the fan. The latter was demonstrated by Blair 
and McPherson (1994) by comparing values o f  depositional slopes in approximately 30 
alluvial fans versus those in 13 gravel-bed rivers. According to their investigation, 
slopes o f  fan surfaces typically average 1.5° to 25° and are consistently higher than 
those o f  aggrading gravel-bed rivers in sedimentary basins which rarely exceed 0.4°. 
Similarly, comparison o f the relationship between slope and modal grain-size on alluvial 
fans versus rivers further supports that these two environments can be differentiated 
based on their morphological and sedimentological characteristics. Although slope 
increases with increasing grain-size in both environments, the rate and variability o f  this 
increase appears considerably higher on alluvial fans as compared to river systems (Blair 
and McPherson 1994).
The magnitude and longitudinal profile o f the slope o f alluvial fan surfaces also 
are commonly used to differentiate between fans in different climates (e.g., Schramm 
1981; Kochel and Johnson 1984; Kesel 1985; Kostachuk et al. 1986; Harvey 1992;
Blair and McPherson 1994). According to these authors, alluvial fans in arid climates 
generally are characterized by steeper slopes than those in humid tropical environments.
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Similarly, arid climates have segmented fan slopes while the longitudinal trend o f  fans 
in humid tropical climates generally exhibit smooth profiles. However, in his study o f  
alluvial fans in Costa Rica, Kesel (1985) found that the magnitude and profile o f  fan 
gradients in this humid tropical climate were analogous to those observed on arid fans 
with similar drainage basin size. According to Kesel (1985), this similarity could be 
attributed to the effects o f  faulting and the large size o f  the material associated with the 
alluvial fans in Costa Rica. In addition, this author found that the slopes o f  fans in 
humid tropical environments are capable o f  transporting larger-sized clasts as compared 
to fans in arid climates. This differential relationship between clast-size and gradient on 
fans in different climates may account for the higher rate o f  variability between these 
parameters on alluvial fans versus coarse gravel-bed rivers in sedimentary basins as 
noted by Blair and McPherson (1994).
The differences in overall morphology between alluvial fan and braided river 
environments accounts for distinctive hydraulic and sedimentary processes. In part, 
hydraulic conditions o f  water flow on alluvial fans are dictated by their general 
geomorphic setting, regardless o f  the climate in which they occur. The relatively small 
size, steep slopes, and large number o f  short low-stream-order channels o f  the 
catchment basin and the high magnitude o f loose sediments that typically occur within 
the basin provide conditions that promote high-discharge flash flood events and high- 
sediment-concentration flows (cf. review by Blair and McPherson 1994). As mentioned 
previously, these water and sediment flows become unconfined when they reach the 
alluvial fan at the mountain front and form deposits that typically consist o f  poorly 
sorted, coarse-grained sediments. Based on a review o f the literature, Blair and 
McPherson (1994) suggested that the regional geomorphic setting and morphological 
characteristics o f  alluvial fans (e.g., drainage basin, morphology, sediments, and steep 
slopes) affect the hydraulic conditions o f flows on alluvial fans by inducing higher flow
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velocities, supercritical flows, higher shear stress values, higher competence to  transport 
a given grain-size, and higher magnitude o r rate o f  flow attenuation as compared to 
braided coarse gravel-bed rivers in sedimentary basins. The latter further promotes the 
rapid deposition o f  sediments in the upper part o f the fan and the lack o f  sorting that is 
characteristic o f these sediments.
However, when considering the hydrological regimes o f alluvial fans relative to 
their climatic setting, distinctive differences have been noted. For example, alluvial fan 
formation in arid climates is commonly associated with flashy discharges interspersed 
with relatively long periods o f inactivity while fans in humid tropical climates are usually 
related to a more seasonal hydrological regime where flood discharges occur annually 
(Schramm 1981; Kochel and Johnson 1984). Because o f  the flashy nature o f  the 
discharge regime in arid climates, alluvial fans in these environments also have 
depositional units that are characterized by a lesser degree o f longitudinal sorting as 
compared to fans in humid tropical climates (e.g., Schramm 1981; Nilsen 1982; Kochel 
and Johnson 1984, Kesel 1985; Harvey 1992).
At the same time, volcanic activity has been shown to affect the hydrologie 
regime o f coarse gravel-bed rivers. For example, Waldron (1967) suggested that the 
ash productions associated with volcanic eruptions from Volcan Irazu, Costa Rica, in 
1963 through 1965, covered the sediments in the drainage basins o f  the rivers in the 
area and reduced the infiltration o f precipitation in the sediments. This reduction 
subsequently increased the occurrence o f flash floods in the basin which induced high- 
sediment-concentration flows (Waldron 1967).
The hydraulic and morphological conditions o f alluvial fan environments 
described above contribute to the uniqueness o f  the sedimentary processes and resulting 
facies assemblages associated with alluvial fan deposits. According to Blair and 
McPherson ( 1994), two basic types o f processes are active on alluvial fans; primary and
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secondary processes. Primary processes are flows which are active during catastrophic 
events and are deflned as all processes that actively transport sediments from the 
drainage basin to the alluvial-fan site. As such, primary processes represent high- 
sediment-concentration flows which contribute to the aggradation o f  the fan. In 
contrast, secondary processes do not contribute to formation o f  alluvial fans but rather 
are active during periods o f  fan erosion or degradation (Blair and McPherson 1994). 
Consequently, these processes are dominant during normal or non-catastrophic 
conditions and are responsible for the remobilization or reworking o f  the sediments 
deposited by the primary processes. Some examples o f secondary processes given by 
Blair and McPherson (1994) include weathering, faulting, rainsplash erosion, 
groundwater movement, winnowing by overland flow, and rilling and gullying.
Blair and McPherson (1994) classified the primary processes that contribute to 
fan formation according to  the material present in the drainage basin and whether the 
transport mechanism for this material is dominated by the force o f  gravity or the force 
o f water (Blair and McPherson 1994). Following their classification, these processes 
can include: (1) sediment-gravity flows in bedrock-dominated drainage basins such as 
rock falls, rock slides, and rock avalanches; (2) sediment-gravity flows in colluvial- 
dominated drainage basins such as colluvial slides and debris flows; and (3) fluid-gravity 
flows in colluvial-dominated drainage basins such as sheetfloods and incised-channel 
floods. Rock falls, rock slides, and rock avalanches result from bedrock cliff failures in 
the drainage basin and are distinguishable by the size o f the failed bedrock mass and the 
degree o f  disintegration o f the rock mass. Colluvial slides and debris flows are 
generated in response to  the failure o f  the colluvial slope and differentiation is based on 
the relative stability o f  the colluvial mass and concentration o f  water and air intermixed 
with the sediments; colluvial slides moving in a relatively more stable mass with less 
water and air. Both sheetfloods and incised-channel floods are formed by flashy
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concentrations o f  runoff over the colluvial slopes, resulting in flows with high sediment- 
concentration and water-discharges; sediment concentrations ranging from low to 
hyperconcentrated. These fluid-gravity-flows are classified according to whether the 
flows are able to expand and flow unconfined over the fan surface (i.e., sheetfloods) or 
whether they are contained within the incised channels on the fan.
Aggradation o f  alluvial fans generally results from depositional sequences by one 
or more o f  the various types o f  high-sediment-concentration flows which constitute the 
primary processes. However, based on their review o f  the literature, Blair and 
McPherson (1994) determined that debris flows are the most important sediment- 
gravity-flows relative to the volume o f material they provide to the alluvial fan and, 
consequently, are commonly represented by depositional units having the greatest 
thickness. Similarly, these authors concluded that sheetflood deposits were the most 
significant fluid gravity flow contributing to the aggradation o f alluvial fans. In 
addition, both debris flow and sheetflood deposits are typically winnowed by secondary 
processes, particularly overland flows (Blair and McPherson 1994).
Blair and McPherson (1994) further argued that most modem alluvial fans are 
dominated by either cohesive debris-flows (i.e., clast-poor) or sheetflood sequences 
depending on the geological and weathering conditions in the drainage basins. The 
latter often includes deposits from noncohesive or clast-rich debris flows as a minor 
primary process. Debris flows would be dominant on alluvial fans where the source 
material is characterized by sufficient clay content and/or where the feeder channel is 
relatively short. Conversely, sheetfloods typically occur on alluvial fans where the 
source material is relatively clay-deficient and/or the characteristics o f  the feeder 
channel induce debris flows before the sediments reach the fan site, e.g., a relatively 
long feeder channel.
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The predominance o f either one o f  these flows on a given alluvial fan is reflected 
in the morphological and sedimentological characteristics o f the fan deposits (Blair and 
McPherson 1994). For example, debris-flow fan deposits generally contain more poorly 
sorted and coarser sediments than sheetflood-fans, are characterized by a depositional 
clay matrix, have higher slope values, and lack the constant downfan decrease in 
maximum clast-size and slope typical in sheetflood-fan deposits. In addition, the 
sediments on the debris-flow fans lack finer-grained interbeds and are generally poorly 
stratified, thereby providing a distinctive contrast with the well-stratified coarse-gravel 
and sandy fine-gravel couplets which develop during sheetfloods.
Largely ignored in Blair and McPherson's (1994) interpretation o f  the relative 
predominance o f  the various primary processes on alluvial fan systems is the potential 
variability induced by climatic controls or by the tectonic and volcanic setting o f the fan 
systems. Although these authors indicated that debris-flow deposits are more common 
in humid climates and sheetflood-deposits more typical in arid climates (Blair and 
McPherson 1994, p. 478), their interpretation o f climatological controls appeared to be 
based exclusively on the requirement o f matrix-clays in debris-flow deposits. High 
amounts of rainfall have been noted to induce high-sediment-concentration flows (e.g.,
Costa and Jarret 1981; Ashida 1987; Elfstrom 1987; Rodolfo and Arguden 1991) in 
various climates. However, sediment transport agents for alluvial fans in regions with 
high rainfall, such as humid tropical areas, are commonly argued to be less likely 
associated with debris flows (cf. Blatt et al. 1980; Nilsen 1982; Kochel and Johnson 
1984; Harvey 1992). Both dilute streamflows and hyperconcentrated flows would 
therefore be more likely to occur in those areas.
Rodolfo and Arguden (1991) studied the occurrence o f  high-sediment- 
concentration flows in a volcanic region in the Philippines and attempted to differentiate 
the occurrence o f debris flows versus hyperconcentrated flows relative to a series of
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precipitation parameters. In their investigations, they measured total precipitation and 
various durations and intensities o f  rainfall events that either triggered debris flows or 
hyperconcentrated flows. These precipitation parameters subsequently were correlated 
with the occurrence o f  different types o f flows. Based on the results obtained from their 
investigation, Rodolfo and Arguden (1991) concluded that precipitation is not a 
significant parameter in differentiating between the probability o f occurrence o f  a debris 
flow versus a hyperconcentrated flow. The type o f  flow appears to be more related to 
the erodibility o f  the sediments that are available to the system, i.e., debris flows have a 
higher probability o f  occurring when the available sediments have low permeability. 
Alternatively, steep slopes were found to counteract potential limitations o f  the 
available sediments relative to the types o f  flows that can be produced (Rodolfo and 
Arguden 1991). Their findings seem to support Smith's (1991) arguments that sediment 
flows in volcanically active areas are largely controlled by the nature o f  the sediment 
supply in these areas, rather than climate.
Smith (1991) argued that volcanically active areas provide for a unique 
environment in which sediments are supplied, at least periodically, at a much higher rate 
as compared to areas where sediment supply is controlled and generated by weathering 
o f  the pre-existing rock material. An additional characteristic o f these environments 
affecting the morphology and dynamics o f  the river systems present is the presence o f  
finer-grained sediments (Smith 1991) which, at high concentrations, can produce high- 
sediment-concentration flows. Sediment supply to the fan system can be further 
enhanced by the destruction o f the vegetative cover on the fan deposits resulting from 
volcanic eruptions (Waldron 1967; Kesel 1985; Kesel and Lowe 1987; Smith 1991;
Smith and Lowe 1991). Rapid tectonic uplifts also have been shown to increase 
sediment supply and induce fan aggradation (cf. reviews by Nilsen 1982; Blair and 
McPherson 1994). The large volumes o f sediments produced by tectonic events has
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been suggested as a causal factor for the relatively large size o f humid tropical fans in 
Costa Rica and Jamaica (Kesel 1985) as compared to fans in arid climates with similar 
source basins.
An obvious omission in Blair and McPherson's (1994) classification o f  primary 
processes and examples o f secondary processes are the processes associated with 
braided fluvial systems which often occupy the fan surface during the normal or non- 
catastrophic and non-aggradational periods but leave distinct deposits that can be 
recognized in the stratigraphie record on alluvial fans (e.g.. Vessel and Davies 1981;
Nilsen 1982; Harvey 1984; Kochel and Johnson 1984; Kesel 1985; Kesel and Lowe 
1987; Smith 1991; Harvey 1992). Although Blair and McPherson (1994) refer to the 
braided-distributary-channel network o f  alluvial fans, they relate the processes o f  these 
systems to erosion o f  the fan sediments by rilling and gullying, thereby ignoring the 
occurrence o f  braided river systems on alluvial fans and the depositional facies that 
result from these processes. Using Blair and McPherson's (1994) classification o f  
primary processes, the morphological and sedimentological characteristics o f  the incised 
channels floods could be argued to also represent those o f actively aggrading coarse 
gravel-bed rivers on alluvial fans. However, the definition o f  primary processes 
presented by these authors, i.e., processes responsible for fan formation, prevents such 
an association. Similarly, rivers can not be classified as a secondary process because 
these processes, by definition, are active during periods o f  fan erosion or degradation 
(Blair and McPherson 1994). As such, braided fluvial systems that are actively 
transporting and depositing sediments on the fan surface are excluded from the 
classification.
Although the facies assemblages, morphology, and hydraulic and sedimentary 
processes o f braided coarse gravel-bed rivers on alluvial fans would be clearly distinct 
from those o f braided gravel-bed rivers in sedimentary basins, these systems are part o f
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the alluvial fan environment and should be considered within the classification o f 
sedimentary processes on alluvial fans. Incorporation o f  fluvial processes in the 
classification can be easily achieved by acknowledging the uniqueness o f  alluvial fan 
environments and the distinctiveness o f  the processes and deposits o f  braided coarse 
gravel-bed rivers as compared to those in sedimentary basins. For the purpose o f the 
current study, fluvial processes associated with braided rivers will be incorporated as a 
secondary process in the classification o f sedimentary processes on alluvial fans 
because, if present, they are active during normal and non-catastrophic conditions and 
are primarily responsible for reworking sediments deposited during catastrophic events.
At the same time, these rivers provide a framework for the development and 
occurrence o f  incised-channel floods (i.e., primary processes) during flash-flood 
conditions.
Consideration o f  fluvial processes on alluvial fans is o f  particular importance in 
volcanically active areas. Sediments produced, transported, and deposited in volcanic 
areas are generally loosely consolidated or unconsolidated and, therefore, more 
susceptible to erosion by fluvial processes (Smith 1991). An additional factor to 
consider in the investigation o f coarse gravel-bed rivers in these settings is the 
availability o f  fine-grained sediments to the system (Smith 1991). As mentioned 
previously, high concentrations o f fine-grained sediments can induce high-sediment- 
concentration flows but also have been shown to affect the transport processes o f  the 
bedload component in coarse gravel-bed rivers (e.g., Bray 1982; Iseya and Ikeda 1987; 
Hassan et al. 1992; Hoey 1992). Erosion o f the deposits during periods o f  volcanic 
inactivity may release fine-grained sediments that were trapped in the bedforms 
deposited during periods o f  high sediment supply into the river system, thereby affecting 
the transport dynamics o f  the coarse-grained sediment load.
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DYNAMICS AND CHARACTERISTICS OF FLOWS
The sedimentological characteristics, and dynamics o f  high-sediment- 
concentration flows, or high-viscosity flows as they are sometimes referred to, have 
been described extensively in the literature (e.g.. Beverage and Culbertson 1964; 
Bradley and McCutcheon 1987; Smith and Lowe 1991; Blair and McPherson 1994), the 
common denominator being the high proportion o f  suspended sediments relative to the 
total sediment load. According to Bradley and McCutcheon (1987), all flows in which 
sediment is present in excess o f 20 percent (%) o f  the total volume are considered high- 
sediment-concentration flows. Beverage and Culbertson (1964) classified various 
transport regimes according to their sediment concentration and suggested that 
sediments concentrations in excess o f  400,000 parts per million (ppm) correspond to 
high-sediment-concentration flows. The most comprehensive description o f the 
transport dynamics and sedimentological characteristics o f  deposits associated with 
these types o f  flows was presented by Smith and Lowe (1991). Even though their 
discussion focused on a description o f volcaniclastic facies resulting from high- 
sediment-concentration flows, and rheological characteristics o f these deposits will 
differ from those in other environments, the definitions and principles o f  flow dynamics 
and deposition presented by these authors are relevant and applicable to all 
environments.
According to Smith and Lowe (1991), sediment transport can occur in a 
continuum o f flows ranging from dilute streamflows (or Newtonian flow) to 
hyperconcentrated flows, debris flows, and debris avalanches. This continuum 
transition from dilute streamflow to debris avalanche is characterized by a gradual 
increase in the concentration o f suspended sediment, concomitant with an increase in 
grain dispersive forces and cohesive matrix-strength o f the deposits, and a decrease in 
turbulence associated with the flow conditions (Smith and Lowe 1991). The authors
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further suggest that differentiation between debris flows and avalanches versus dilute 
streamflows and hyperconcentrated flows can be made on the basis o f  the 
characteristics o f  sediment load deposition, i.e., the former two occur en masse and the 
latter are characterized by grain-by-grain deposition o f the sediment load. In addition, 
hyperconcentrated flows are associated with a relatively high fluid buoyancy which 
accounts for the transport potential o f large clasts in these flows (Smith and Lowe
1991). Within the context o f  the current study o f boulder-size sediments in coarse 
gravel-bed rivers on alluvial fans, the following discussion focuses on those flows which 
have the highest potential for contributing to the transportation o f  sediments in those 
systems, i.e., dilute streamflows, and hyperconcentrated and debris flows. The latter 
two encompass sediment-gravity and fluid-gravity flows in colluvial-dominated drainage 
basins identified as the primary sedimentary processes on alluvial fans (Blair and 
McPherson 1994).
The sedimentological characteristics o f  depositional units are an important 
indicator o f the type o f flow associated with the formation o f the unit. Much o f  the 
current knowledge regarding the sedimentological characteristics o f  hyperconcentrated 
and debris flows has been obtained from studies o f deposits in areas that are subject to 
extreme sediment inputs resulting from failure o f dams, drainage o f  ice-dammed lakes, 
extreme rainfall, increased runoff from development, and volcanic and tectonic activity 
(e.g., Stewart et al. 1967; Scott and Gravlee 1968; Costa 1985; Pierson and Scott 1985; 
Bradley and McCutcheon 1987; Elfstrom 1987; Beaty and DePolo 1989; Besley and 
Collinson 1991; Rodolfo and Arguden 1991; Smith 1991; Smith and Lowe 1991) and 
facies analysis o f  sedimentary units in subaqueous environments (cf. review by 
Ghibaudo 1992). In contrast, facies characteristics o f dilute streamflows in coarse­
grained fluvial systems have been primarily studied within the context o f braided rivers 
(Miall 1978a; Blatt et al. 1980; Hey et al. 1982; Thome et al. 1987; Billi et al. 1992;
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Hickin 1993). Furthermore, alluvial fan development is generally associated with 
depositional sequences resulting from high-sediment-concentration flows and 
subsequent periods o f  dilute streamflows and have traditionally provided insight on the 
sedimentary characteristics o f these flows (e.g., Miall 1978a; Blatt et al. 1980; Schramm 
1981; Vessell and Davies 1981; Nilsen 1982; Harvey 1984; Koster and Steel 1984;
Kesel 1985; Kostachuk et al. 1986; Kesel and Lowe 1987; McEwen and W erritty 1988;
Fisher and Smith 1991; Harvey 1992; Blair and McPherson 1994). A review o f  the 
results o f  these studies allowed for a number o f generalizations regarding the 
distinguishing sedimentological characteristics o f dilute streamflows and 
hyperconcentrated and debris flows as presented by these authors. However, it is 
important to emphasize that dilute streamflows and hyperconcentrated and debris flows 
exist within a flow-continuum in which flow transformations occur frequently (Smith 
and Lowe 1991). Consequently, the sedimentological characteristics o f  the deposits 
resulting from these flows are not always easily defined and will be site- and event- 
specific.
Sediments deposited by debris flows are generally massive, poorly sorted, 
matrix-supported (cohesive debris flows) or clast-supported (non-cohesive debris 
flows), and typically exhibit reverse or coarse-tail reverse grading. The largest clasts 
within individual beds can occur towards the top o f the deposits and even protrude 
above the bed-surface. The deposits commonly incorporate oversize boulders which 
show no obvious imbrication, orientation, or clast-size variation. According to Harvey 
(1992), these deposits are often related to the Gms facies as described by Miall (1978b).
In contrast, sediments deposited by hyperconcentrated flows generally exhibit vague or 
crude horizontal stratification and normal, reverse, or coarse-tail reverse grading. 
Distinct sedimentary structures are, however, absent. The gravel deposits attributed to 
hyperconcentrated flows typically are matrix-supported, sometimes clast-supported.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
21
have isolated oversize boulders, and show no distinct evidence o f imbrication. Harvey 
(1992) suggested that these deposits correspond to the Gm facies defined by Miall 
(1978b). The sedimentological characteristics o f  coarse-grained deposits resulting from 
dilute streamflows are distinct from these high-sediment-concentration flows in that 
they generally are well stratified, exhibit normal grading, and contain various 
sedimentary structures. The individual particles are clast-supported, and are often well 
imbricated.
Differences in the degree o f longitudinal sorting within these deposits, that is 
hydraulic sorting versus attrition, is an additional sedimentary characteristic employed 
to distinguish between flow conditions. While high-sediment-concentration flows are 
argued to exhibit a lack o f longitudinal sorting (e.g., Leopold et al. 1964; Stewart et al.
1967; Scott and Gravlee 1968; Miall 1978a; Ritter 1978; Blatt et al. 1980; Kochel and 
Johnson 1984; Kesel and Lowe 1987; Harvey 1992), mean clast-size has been 
demonstrated to decrease along the longitudinal profile o f  coarse gravel-bed rivers as a 
result o f  a gradual decrease in competence, preferential entrainment o f  fine-grained 
sediments, bimodality o f the source material, and differences in velocity (e.g.. Ore 1964; 
Church 1972; Gustavson 1974; Smith 1974; Miall 1978a; Bluck 1982; Church and 
Jones 1982; Brierley and Hickin 1985; Dawson 1988; Ashworth et al. 1992; Paola et al.
1992). However, recent investigations have indicated the difficulty o f  using this 
characteristic to distinguish flow conditions. For example, lack o f consistent grading in 
the downstream direction within deposits o f  coarse gravel-bed rivers has been noted to 
result from differential sediment influx through tributaries (Dawson 1988) or sediment 
supply (Ashworth et al. 1992), preferential textural association o f bed forms (e.g., 
Dawson 1988; Shih and Komar 1990; Hassan et al. 1992; Church and Hassan 1992;
G off and Ashmore 1994), and transport dynamics associated with a bimodal sediment 
load (Ikeda 1984; Iseya and Ikeda 1987). The latter refers to sequential sedimentation
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zones in which clast- and fine-grained-sediment-dominated sections alternate to form 
the congested, transitional, and smooth channel beds as described by Iseya and Ikeda 
(1987). These variations in grain-size are more likely to occur in river system with 
bimodal sediment loads where infilling o f  the channel surface by fine-grained sediments 
is more likely to occur (Ikeda 1984; Iseya and Ikeda 1987).
While the bimodality o f  sediment mixtures in coarse gravel-bed rivers can 
contribute to  the lack o f longitudinal sorting, several authors have argued that the 
presence o f  fine-grained sediments also provides for preferential transport o f  coarse­
grained particles. Flume experiments o f  sediment transport for sand and gravel 
mixtures by Iseya and Ikeda (1987) demonstrated the higher mobility o f  gravels in 
reaches with a predominance o f fine-grained sediments. Their conclusions support the 
findings by Simons et al. (1979) who suggested that an influx o f  sand in coarse gravel- 
bed rivers can induce a smoothing o f the riverbed and enhance the transport o f  coarse­
grained sediments over the smooth bed surface. More recently. Hassan et al. (1992) 
examined transport rate and mean travel-distance o f individual clasts in several gravel- 
bed rivers and concluded that both variables increase when clasts are transported over a 
fine-grained riverbed.
This concept o f  increased mobility o f coarse-grained particles over fine-grained 
riverbeds could have important implications for the transportation o f  boulder-size 
sediments in fluvial systems. As mentioned previously, the presence o f large boulders in 
sedimentary deposits is often attributed to catastrophic events and high-sediment- 
concentration flows (e.g., Stewart et al. 1967; Scott and Gravlee 1968, Costa 1985; 
Ashida 1987; Bradley and McCutcheon 1987; Elfstrom 1987; Rodolfo and Arguden 
1991; Smith 1991; Smith and Lowe 1991). While Newtonian flows are typically 
identified as the mechanism for reworking the coarse-grained deposits, the competence 
o f these flows to transport the large boulders as part o f  its bedload is questionable.
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However, the sedimentary units deposited during these events typically contain high 
quantities o f  fine-grained sediments. Erosion o f  the deposits therefore releases fine­
grained sediments. Consequently, reworking could result in a bimodal sediment load 
and produce localized high-sediment-concentration flows and smooth bed states, both 
providing for the transportation o f boulder-size clasts.
An additional variable affecting the transport o f boulder-size sediments and the 
spatial distribution o f average grain-size in fluvial systems is channel gradient. Channel 
gradient is generally accepted to decrease with decreasing sediment size and increasing 
distance downstream (Leopold et al. 1964). Changes in the gradient o f  a river, resulting 
in alternating lower and higher gradients (i.e., pools and riffles respectively) along the 
longitudinal profile o f the channel, was documented by Leopold and Wolman (1957) 
forty years ago. While not initially recognized in coarse gravel-bed rivers, Leopold et 
al. (1964) later observed similar changes in gradients in these rivers. Fahnestock (1969) 
suggested that the gradient o f  a river system is inversely related to sediment transport 
efficiency or flow strength so that the largest component o f  a given bedload will be 
associated with the steeper gradients along a longitudinal profile. This correlation has 
been noted to occur in fluvial environments and has been reported in rivers associated 
with alluvial fans (cf. Boothroyd and Ashley 1975), including the Rio Toro Amarillo 
(Kesel 1985; Kesel and Lowe 1987).
Church and Jones (1982) suggested that changes in the longitudinal profile o f 
gravel-bed rivers reflect the relative abundance o f  coarse-grained sediments. According 
to these authors, the influx o f large quantities o f  coarse-grained sediments within a 
channel will result in a debris-flow-type deposit causing a decrease in gradient at the 
proximal end o f the deposit and an increase at the distal end. Consequently, different 
events producing this type o f deposit will result in a stepped longitudinal profile along 
which grain-size is dictated by the presence or absence o f  these debris- flow-type
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deposits. Church and Jones (1982) further noted that subsequent reworking encourages 
sediment deposition at the upstream end o f this feature and entrainment at the 
downstream end.
MICROMORPHOLOGY
Both dilute streamflows and hyperconcentrated flows are characterized by grain- 
by-grain deposition (Smith and Lowe 1991). As such, sediment transport during these 
flows is subject to water-worked processes and influenced by the presence and spatial 
distribution o f  bed forms. The need to consider and include the morphological 
conditions as a factor for understanding bedload transport in coarse gravel-bed rivers 
has become widely accepted by fluvial geomorphologists. Classification o f  bed forms, 
and their morphological characteristics and effects on transport processes in coarse 
gravel-bed rivers have been presented by Jackson (1975), Church and Jones (1982), and 
Hoey (1992). Although these authors identified and discussed bed forms at various 
scales, the current study will focus on the small-scale bed forms, i.e., 
micromorphological features (e.g., cluster bedforms, transverse ribs, and step pools).
These small-scale features are important in relation to bedload transport processes with 
regard to affecting flow resistance and boundary shear stress (Hassan and Reid 1990; 
Robert 1990; Clifford et al. 1992a; Clifford et al. 1992b; Robert 1993; Petit 1994; 
Rhoads 1994a; Rhoads 1994b), but also as a temporary storage o f a wide range o f 
particle sizes (e.g.. Church and Jones 1982; Lekach et al. 1992).
Several studies have attempted to define the morphological characteristics and 
sedimentological conditions o f micromorphological bed forms that occur in coarse 
gravel-bed rivers (cf. reviews by Allen 1983; Chin 1989; Richards 1990; Robert 1990; 
Richards and Clifford 1991; Rhoads 1992; Robert 1993). However, the terminology 
and classification o f these features and how they affect sediment transport processes 
remains a topic o f  debate within fluvial geomorphology. In addition, the heterogeneity
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o f  sediments in these rivers provides a source for multiple variations o f  structural 
arrangements some o f  which may not have been identified (Richards and Clifford 1991).
The following sections provide an overview o f  some o f these features as identified to 
date. It is important to note however, that these micromorphological features have 
been observed in coarse gravel-bed rivers in a wide range o f  climatic settings, including 
arid-desert, Mediterranean, humid-temperate, and humid-glacial outwash environments 
(cf. reviews by Billi 1988; Chin 1989; Richards and Clifford 1991). At the same time, 
descriptions o f  these features in humid tropical climates and in boulder-dominated 
gravel-bed rivers have been absent.
The most predominant and most studied microtopographical feature in coarse 
gravel-bed rivers is commonly accepted to be the pebble cluster. This feature, first 
identified by Dal Cin (1968), consists o f  a single large clast (often referred to as 
obstacle clast) protruding above the surrounding sediments in its vicinity, and 
functioning as an obstacle to particles being transported as part o f  the bedload. Dal Cin 
(1968) noted that this obstacle clast was associated with boulder shadows on both the 
lee- and stoss-sides o f  the obstacle clast; coarse-grained sediments on the stoss-side and 
smaller particles on the lee-side being the most typical association. This accumulation 
o f smaller particles on the lee-side is sometimes termed the Ostler Lense after the 
researcher that first identified this micromorphological feature (Martini and Ostler 
1973). Brayshaw (1984, 1985) reiterated the concept o f  bed protuberances with 
associated boulder shadows, and termed them cluster bed forms. According to 
Brayshaw (1984, 1985) stoss-side deposits o f these features are coarser grained than 
the lee-side deposits. Although the overall size o f  these bed forms will vary, the length 
o f the feature appears to increase with increasing size o f  the obstacle clast (Robert
1990).
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The formation o f  these cluster bed forms has been commonly associated with 
fluvial processes. Dal Cin (1968) argued that cluster bed forms are associated with 
selective transportation o f  sediments whereby an existing obstacle clast, present on the 
channel bed, stops the larger particles being transported through the channel so that 
they become stacked against the initial clast. Because o f  this packing effect, stoss-side 
particles often exhibit high degrees o f  imbrication (Brayshaw 1984). However, DeJong 
(1992) cautioned against overestimating the stability o f  the stoss-side particles. 
According to his investigations, stoss-side particles often have high dispersal rates and, 
therefore, are not necessarily locked behind the obstacle clast. The lee-side 
accumulation o f  the finer-grained particles is attributed to a decrease o f  hydraulic 
energy in the wake o f  the obstacle clast allowing deposition o f small particles to occur 
(Brayshaw, et al. 1983; Brayshaw 1984; Billi 1988). Because o f the differential grain- 
sizes relative to  the obstacle clast, the orientation o f  cluster bed forms can be considered 
an indicator o f  the predominant flow direction at a given location. Billi (1988) further 
suggested that because cluster bed forms, by definition, consist o f  a wide range o f grain- 
sizes, they contribute to the maintenance o f a constant grain-size distribution in channel 
beds.
Flow resistance resulting from these features is related to their size and their 
spatial distribution (Robert 1993). Based on observations from flume experiments. 
Hassan and Reid (1990) concluded that flow resistance increases with increased 
concentration o f  these features until a maximum is reached, after which flow resistance 
decreases. In addition, these authors suggested that the bedload transport processes 
regulate the spacing o f cluster bed forms to maximize flow resistance and, consequently, 
could be designated as an equilibrium bed-form. Sediments associated with cluster bed 
forms move less readily than those in open, plane-bed positions (Brayshaw 1984; 
Frostick and Reid 1987). Billi (1988) conducted studies on the relative mobility o f
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cluster bed forms in a field experiment and noted that mobility decreased with increasing 
size. Because o f the relative stability o f  these features and their resistance to flow, 
Dunkerley (1990) suggested that their formation contributes to the development o f an 
armour layer (discussed below). In addition, destruction o f  these bed forms during 
high-flood events appears to occur in phases whereby the lee- and stoss-side deposits 
are removed before the obstacle clast is transported. Frostick and Reid (1987) further 
argued that more lee-side deposits are moved at smaller distances than stoss-side 
deposits under similar flow conditions.
Longitudinal ribs were identified as a micromorphological feature in single­
channel gravel streams by Martini (1977) and also are characteristic o f channel beds 
(Carling and Reader 1982). These features consist o f accumulations o f coarse-grained 
material in mid-channel sections with the deepest part o f the channel occurring on either 
side o f the slightly elevated longitudinal rib. According to Martini (1977), longitudinal 
ribs develop as a result o f  two convergent helical flows on either side o f a given channel 
reach.
Longitudinal ribs have not been included in more recent classifications and 
descriptions o f  micromorphological features (cf. Robert 1990; Richards and Clifford
1991). However, the concept o f longitudinal ribs is still represented in the literature as 
it relates to the formation o f  bar deposits. Longitudinal ribs can be associated with the 
incipient phase o f longitudinal bar development in channels with a high width to depth 
ratio as defined by Smith (1974). Longitudinal bars are elongate with slightly convex- 
upward surfaces and have flow patterns that are unidirectional and parallel to the bar, 
and symmetrically distributed in cross-section. These bars can only be maintained when 
the flow is evenly distributed on either side o f the longitudinal axis o f the bar, and 
channel depth is the same on either side o f  the bar (Smith 1974). Consequently, 
longitudinal bar formation and maintenance is enhanced by straight channel banks.
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channels with equal rates o f bank erosion, or wide shallow channels, where banks do 
not affect the local flow direction.
Longitudinal bars in coarse-grained sediments commonly show a crude 
horizontal stratification: layers with clast-supported gravels and a matrix o f  fine-grained 
sediments, overlay layers o f openwork gravels which were deposited in a higher energy 
environment when finer-grained particles were flushed through the system. Based on 
the formational processes and sedimentological characteristics o f  longitudinal bars, 
longitudinal ribs can be associated with the initial phases o f bar formation.
Two other micromorphological features are commonly associated with channel 
beds in coarse gravel-bed rivers: step-pool systems and transverse ribs. Although 
identified as distinct micromorphological features in the literature, definitions o f  step 
pools versus transverse ribs are somewhat contradictory. Both features are 
characterized by a ridge o f large clasts extending across the channel bed, transverse to 
the flow direction, through which the longitudinal channel gradient decreases in a step­
wise manner. They typically occur in channels with steep gradients and in shallow 
portions o f  the channel (Chin 1989; Robert 1990; Richards and Clifford 1991).
The contradictions in the descriptions o f  the two features can be attributed to 
limited attempts to differentiate between them and the cryptic definitions used when 
doing so. For example, Robert (1990) and Richards and Clifford (1991) stated that 
transverse ribs are distinct from step pools in that the crest of the steps in the step-pool 
systems consist o f a row o f single particles rather than an accumulation o f  particles, 
typical for transverse ribs. However, Chin (1989) and Whittaker (1987) indicated that 
the crest, represented by the step in the step-pool bed form, can consist o f  an 
accumulation o f boulders and cobbles rather than a single clast. Whittaker (1987) 
further noted that these step-pool sediment-accumulations exhibit extreme imbrication, 
thereby stabilizing the step-pool systems.
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Schmidt and Ergenzinger (1992) and Chin (1989) described the pool section o f  
step pools to  consist o f  smaller clast-sizes. While significant differences in grain-size 
between the ridge and downstream sections o f  a transverse rib are not required, this 
difference is often used to recognize transverse ribs in the field (Gustavson 1974; 
Boothroyd and Ashley 1975). In addition, earlier descriptions o f  transverse ribs 
compared these features with cluster bed forms and consistently noted this difference in 
grain-size and the presence o f  boulder shadows both on lee- and stoss-sides o f  the 
crests (McDonald and Bannetjee 1971; Boothroyd and Ashley 1975; and Laronne and 
Carson 1976). The presence o f  fine-grained sediments downstream from transverse ribs 
further is implied in more recent definitions o f these features by the fact that the ridge is 
described as consisting o f "larger clasts" (Robert 1990; Richards and Clifford 1991).
Similarly, Chin (1989) noted that step pools are characterized by reverse 
gradients in the upstream portion o f the steps resulting from scouring that occurs at the 
base o f  the steps. While not specifically mentioned in recent descriptions o f transverse 
ribs, earlier reports o f  this feature by McDonald and Banneijee (1971) included reverse 
gradients as a characteristic. This presence o f reverse gradient appears to be enhanced 
by the accumulation o f  imbricated boulders and cobbles against the ridge o f  large clasts 
forming either the steps or transverse ribs.
In further attempts to differentiate between transverse ribs and step-pool 
systems, Richards and Clifford (1991) noted that transverse ribs, unlike step pools, also 
occur on bar surfaces and that the clast-size o f the ridge is smaller in the transverse ribs 
as compared to that o f  step-pool systems. The latter distinction most likely stems from 
the definition o f  a step pool presented by Chin (1989) who stated that one o f  the 
characteristics o f  a step pool is that the size o f its crest generally equals the depth o f  the 
water flow. Consequently, Chin's (1989) definition implies that the clasts comprising 
the ridge in step pools, are considerable in size. Differentiation between these two
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features based on the relative size o f  the clasts is, however, problematic. If  clast-size is 
the distinguishing characteristic, recognition o f  these features, at best, could only be 
done within a single river system or reaches with similar clast-sizes, and requires both 
features to be present. Considering the wide range o f  grain-size compositions present in 
coarse gravel-bed rivers, and the difference in formational processes between step pools 
and transverse ribs (see below), this distinction could be difficult to observe in many 
field investigations.
Clast-size o f the particles forming these ridges was used by Bluck (1987) to 
introduce another micromorphological feature, i.e., transverse clast dams. According to 
Bluck (1987) transverse clast dams are analogous to transverse ribs, and can be 
differentiated by the fact that transverse clast dams have crests that are formed by larger 
clasts as compared to the transverse ribs. However, in his description o f  these features,
Bluck (1987) did not compare step-pool systems with what he termed transverse clast 
dams.
While the previous discussion demonstrated the lack o f distinguishing 
morphological characteristics o f  step pools and transverse ribs available in the literature, 
distinct differences in formational processes between these two features have been 
presented by several authors. Formational processes associated with the development 
o f step-pool systems have been presented by Whittaker (1987), Chin (1989), Robert 
(1990), and Richards and Clifford (1991). According to these authors, step-pools are 
associated with high-magnitude, low-ffequency hydrological events (50-year 
Recurrence Interval [RI]), and form through an armouring/antidune-like process. In 
addition, formation o f step-pools is associated with flows in the upper flow regime 
resulting in clast-imbrication and a self-armouring effect. Consequently, these features 
remain stable for a long time under normal flow conditions. In contrast, transverse ribs 
develop through successive capturing o f large clasts against the comer o f  existing bed
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protuberances and therefore can develop under normal flow conditions (Richards and 
Clifford 1991). Robert (1990) argued that transverse ribs can be considered to be an 
equilibrium-form within a fluvial system. As such, their formation would appear to  be 
comparable to the development o f  cluster bed forms—the primary difference between 
these two forms related to the lateral extent o f the feature transverse to the flow 
direction.
Another common characteristic o f coarse gravel-bed rivers is the existence o f  an 
armour layer. Although not commonly classified as a micromorphological feature in the 
literature, this sedimentological structure is included in this discussion because o f  its 
control on the distribution o f  the available grain-sizes and its potential effect on 
transport processes. In addition, descriptions o f  armour layers presented in the 
literature lack definition o f  scale and, consequently, can not be categorized within the 
scale-based classification o f  bed forms in coarse gravel-bed rivers. Because an armour, 
by definition, is a coarse-grained surface layer, the existence o f  such a layer often results 
in the upward coarsening o f sediments within the vertical structure o f  channel beds.
The armour typically inhibits entrainment o f particles from the bed and the subarmour 
layer, forming a type o f reservoir for finer-grained particles. Three basic models o f 
formation o f the armour layer can be identified in the literature: (1) winnowing, (2) 
equal mobility, and, (3) clogging.
The winnowing process for the development o f  an armour is the most traditional 
interpretation o f this sedimentological structure (Richards and Clifford 1991). In this 
model, the armour layer results from a gradual and selective removal o f  finer-grained 
sediments from the channel-bed resulting in a sediment-lag o f  coarse-grained sediments 
on the channel bed. Andrews and Parker (1987) suggested that this model is favored in 
river systems where fine-grained sediments are removed from the channel bed because 
o f a limited sediment supply. The second model, conceptualized by the term equal
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mobility, was presented by Parker et al. (1982). According to these authors, the armour 
is a mobile bed phenomenon whereby all available grain-sizes move sporadically under 
low transport rates. This model was used by Iseya and Ikeda (1987) to explain 
pulsations in bedload transport rates observed in flume experiments resulting from 
longitudinal sediment sorting. The armour layer as described by Parker et al. (1982), 
and representing equal mobility rather than selective mobility, is often referred to  as 
pavement rather than armour. The third model, initially presented by Moss (1963), has 
found renewed attention through the research by Dunkerley (1990) and can be closely 
associated with the formation o f cluster bed forms. According to Moss (1963), a 
coarse-grained surface layer in channel beds can be formed through initial deposition o f 
coarser-grained sediments on a bed o f finer-grained particles. Subsequent capturing o f 
the larger particles needed to  create the armour results from the capturing o f other 
coarse-grained sediments by the initial larger particle.
Even though the previous discussion demonstrates that the formation of 
micromorphological features is attributed to various local flow conditions and can affect 
transport processes in coarse gravel-bed rivers, their presence or absence has generally 
not been used as an indication o f the types o f  flows, i.e., hyperconcentrated or dilute 
streamflow, responsible for their formation. An exception to this is the association o f 
transverse ribs with sheetflood-deposits on alluvial fans (Blair and McPherson 1994) 
which were attributed to hyperconcentrated flows with relatively low sediment 
concentrations. However, Blair and McPherson (1994) noted that the occurrence of 
these features were rare.
The lack o f using micromorphological features for distinguishing specific flow 
types can be related to the problem o f measuring transport o f  boulder-size clasts under 
natural conditions, thereby limiting the identification o f flow conditions at the time these 
features are formed. However, a more appropriate explanation may be that these
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features are likely to form under both hyperconcentrated-flow and dilute streamflow 
conditions. The obvious structural arrangement o f  the particles that form these features 
indicates, however, that they form at the lower end o f  the flow continuum, i.e., flows 
with relatively low concentrations o f  suspended sediment. As such, their formation 
would be dictated by local pre-existing channel conditions such as morphology, clast- 
size, gradient, and sediment supply, and changes in flow competence resulting in the 
initial deposition o f large clasts.
The effects o f  micromorphological bed forms have generally been the focus in 
studies related to flow competence and transport dynamics (reviews by Richards 1990; 
Richards and Clifford 1991; Rhoads 1992; Rhoads 1994a; Rhoads 1994b). Although 
the structural arrangements o f sediments will affect the entrainment, transportation, and 
depositional processes o f  boulder-size clasts, one additional factor requires further 
consideration, i.e., clast-shape. In a recent study, Schmidt and Ergenzinger (1992) 
suggested that our lack o f understanding transport dynamics o f  large clasts in coarse 
gravel-bed rivers is caused, in part, by a variability o f clast shapes. That is, under 
similar flow conditions, a given clast-size will behave differently depending on the shape 
o f  the clast. Elongated or rod-shaped clasts will be transported more easily and at a 
longer distance than spherical clasts, and the latter more than disc-shaped particles 
(Boothroyd and Ashley 1975; Komar and Li 1986; Ashworth and Ferguson 1989; 
Schmidt and Ergenzinger 1992). The disadvantage o f  disc-shaped versus spherical 
clasts has been observed in field investigations (Bluck 1982) and has been discussed by 
numerous authors with regard to their predisposition for imbrication and, therefore, 
resistance to entrainment (review by Richards and Clifford 1991).
The previous discussion indicates that the problems with assessing bedload 
movement in coarse gravel-bed rivers is not only related to the difficulties o f  measuring 
the movement, but also relates to the complexity o f  the micromorphology o f  the channel
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beds. Micromorphological features will affect the entrainment o f  particles, the 
roughness o f  the channel bed, and the potential availability o f  grain-sizes in the sediment 
load o f  these rivers. Consequently, recognition o f  channel-bed micromorphological 
features is essential to the understanding o f sediment transport processes in coarse 
gravel-bed rivers as it relates to flow dynamics, and the formation and development o f  
sedimentary deposits. The first step to achieving that goal is to identify and describe the 
micromorphological features in coarse gravel-bed rivers. In addition, further 
investigations may provide insight into the prevalence o f  a given feature relative to the 
types o f  flows that occur in coarse gravel-bed rivers.
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CHAPTERS: METHODOLOGY
EVALUATION OF EXTERNAL FACTORS 
The physical setting o f the Rio Toro Amarillo was evaluated to  assess potential 
external influences on the sediment transport processes, morphodynamics, and 
sedimentological and morphological characteristics o f the Rio Toro Amarillo. 
Determination o f  the physical setting o f the Rio Toro Amarillo was accomplished 
through evaluation o f 1967 and 1972 topographic maps at a scale o f  1:50,000 and 1968 
topographic maps at a scale o f 1:200,000, obtained from the Institute Geografico 
Nacional in San José, Costa Rica; aerial photography o f the region (I960 [1:50,000], 
1972 [1:20,000], 1981 [1:35,000], and 1985 [1:35,000]); and a literature review 
pertaining to the climate, geomorphology, geology, vegetation, and volcanic and 
tectonic activity in the area. A historical reconstruction o f  volcanic and tectonic activity 
in the region was conducted to evaluate the degree to which such activity has 
potentially affected the magnitude o f  sediment input to the Rio Toro Amarillo. In 
addition, field investigations o f the Rio Toro Amarillo fan-complex, conducted in 
December and January of 1983-1984 and 1984-1985 (discussed below), enhanced the 
characterization o f the geomorphology o f the area.
Hydrology and Suspended Sediment Load 
An important variable affecting sediment transport processes is the hydrology o f 
a river system. While sediment entrainment, transportation, and deposition are dictated 
partly by the regional setting and morphological characteristics o f a river system, the 
river's competence to transport its sediment load and induce erosion or deposition o f  its 
sediments is largely influenced by the river's hydrological characteristics. Furthermore, 
the presence o f suspended sediment in the river will dictate the potential for and degree 
to which high-sediment-concentration flows contribute to the sediment transport 
processes.
35
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The competence o f the Rio Toro Amarillo to transport the sediments available 
to the system were assessed, in part, by investigating the hydrological character and 
suspended sediment load in the river. Discharge data for the Rio Toro Amarillo were 
obtained from the Institute Costarricense de Electricidad (ICE). In June o f  1973 a 
hydrological monitoring station was placed on the Rio Toro Amarillo at Guapiles 
(Figure 2) by the ICE. Elevation at the monitoring station is 415 meters (m) above sea 
level and the drainage area o f the Rio Toro Amarillo at this location constitutes 
approximately 138 square kilometers (km^). Although the intent was to maintain this 
monitoring station, a major flood in April o f 1975 destroyed the monitoring station and, 
as o f  1996, measuring equipment was not replaced (Rodriguez 1996). Data on 
suspended sediment load were not available for the monitoring station.
Because o f  the limited record o f suspended-sediment and discharge data for the 
Rio Toro Amarillo, long-term trends o f the hydrologie regime and sediment load in the 
Rio Toro Amarillo could not be determined directly. However, long-term records were 
available for the Rio Sarapiqui, a fluvial system located to the north-northwest o f the 
Rio Toro Amarillo (Figure 2). The Rio Sarapiqui drains the north flank o f  Volcan 
Barva, one o f the volcanoes along the Cordillera Central with its peak at 2,906 m. The 
monitoring station for this river is located at Cariblanco at an elevation o f 752 m above 
sea level and measures daily discharge and suspended sediment load for a 73 km^ 
drainage area.
Suspended-sediment and discharge data for the Rio Sarapiqui were obtained 
from the ICE for the periods o f 1970 to 1992 and 1964 to 1994, respectively. The Rio 
Sarapiqui was tentatively selected as a representative river system because the drainage 
basin has similar characteristics as the Rio Toro Amarillo regarding vegetation, climate, 
topography, and lithology. In addition, the Rio Sarapiqui has been noted to be the river 
most representative o f the hydrological and sediment-load characteristics o f  the Rio
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Figure 2: Location o f  discharge and suspended-sediment-load stations on the
Rio Toro Amarillo and Rio Sarapiqui.
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Toro Amarillo with the longest data record (Rodriguez 1996). Furthermore, the effects 
o f  the volcanic eruptions associated with Volcan Irazu, and argued to have impacted the 
suspended sediment load in the Rio Toro Amarillo (Kesel 1985; Kesel and Lowe 1987;
Smith and Lowe 1991), were observed to have been widespread and could have 
affected the sediment input in the Rio Sarapiqui (Barboza 1996). Consequently, the 
suspended sediment load and hydrological character o f  this river potentially could be 
used as an analogue for Rio Toro Amarillo.
Monthly average and maximum discharge and suspended sediment loads were 
obtained from the daily records for the available Rio Toro Amarillo and Rio Sarapiqui 
data. Discharge data for the two rivers were correlated to  evaluate the degree o f 
predictability o f  the Rio Sarapiqui data relative to the hydrological regime o f  the Rio 
Toro Amarillo. To determine seasonality and flashiness o f flood events, flood-discharge 
values were analyzed for magnitude and time o f occurrence within a year for the entire 
record. In order to incorporate extreme flood events throughout the record, flood- 
discharge analyses were performed on a partial duration series rather than the record o f 
annual floods. The base o f  the partial duration series was selected as the lowest annual 
flood for the period o f  record (Langbein 1949). Suspended-sediment data were 
analyzed to evaluate the magnitude and variability o f suspended sediment load within 
the Rio Sarapiqui. Mean, maximum, and flood discharge data were plotted against 
suspended sediment load to establish the relationship between the variables. The 
temporal variability o f  discharge and suspended sediment load in the Rio Sarapiqui 
provided a measure o f the hydrological regime and suspended sediment fluctuations in 
the basin.
FTF.T.D INVESTIGATIONS
During the field investigation o f  the Rio Toro Amarillo site-specific 
morphological and sedimentological data were collected which could be used to study
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the sediment transport processes o f  the boulder-size material (i.e., Newtonian versus 
high-sediment-concentration flow), and characterize the morphological and 
sedimentological characteristics o f  the deposits and the micromorphological features 
present within the system. Field investigations were conducted in two phases. The first 
phase was aimed at obtaining a better understanding o f  the regional geomorphology o f 
the Rio Toro Amarillo system and consisted o f  a reconnaissance survey (December 
1983-January 1984) o f  the active portion o f  the Rio Toro Amarillo alluvial-fan-complex 
and sections o f the catchment basin. The second phase was performed in December 
1984 to January 1985 when site-specific data were collected in a portion o f  the Rio 
Toro Amarillo.
The area selected for data collection consisted o f a recently abandoned channel 
resulting from an upstream avulsion (Figure 3). Abandonment o f  the channel had 
occurred after the 1983-1984 reconnaissance survey and, at the time o f the second 
phase o f the field investigation (1984-1985), the main active channel o f  the Rio Toro 
Amarillo was located to the west o f the abandoned channel. The areal extent o f  the 
study area for this phase o f the field investigation incorporated the entire inactive 
channel, extending from the cut-off to  the section at which the abandoned channel 
rejoined the current (1984-1985) active channel (Figure 3). Using the channel 
classification o f Williams and Rust (1969), the area consisted o f  several braid complexes 
dissected by three first-order channels (referred to as primary channels in the remainder 
o f  the document) and various higher order channels (referred to  as secondary channels 
in the remainder o f  the document) covering an approximately 180 by 590-m section. 
Because the channel had been recently abandoned, the morphological features could be 
assumed to represent recent activity within the river system and, therefore, were 
determined to be representative o f  the sediment transport processes, morphology, and 
dynamics o f  the Rio Toro Amarillo system.
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The second phase o f the field investigation consisted o f  an investigation of: (1) 
the entire abandoned reach (i.e., the 180 by 590-m section [also referred to as study 
area in the remainder o f  the document]), and (2) the individual bar within this study 
area. Within the abandoned channel reach, data was collected on the morphological and 
sedimentological characteristics o f  the recently abandoned channel, including 
distribution o f  braid complexes and channels; gradient, grain-size distribution, 
lithofacies, and micromorphology o f the channel-beds and bar surfaces; elevational 
differences between channel bed and bar surface; and flow direction characteristics 
relative to the morphology o f the area. Within the individual bar segment, more 
detailed information was collected to describe the morphology and sedimentology o f bar 
deposits in a  coarse gravel-bed river. The following sections identify the data that were 
collected, the procedures used during the collection process, and the methods used to 
analyze the data.
Data Collection
The morphology and topography o f the abandoned channel reach was mapped 
using a grid with XY-coordinates at a 10-m resolution (Figure 4). Morphologic 
features that were mapped included the location and size o f  the primary channels and 
braid complexes, secondary channels and bars within the braid complexes (as defined by 
Williams and Rust [1969]), and thalwegs; relative elevations o f  these features, including 
degree o f  elevational differences between the features (i.e., relative steepness); and the 
spatial distribution o f the micromorphological features. The map was further annotated 
with regard to  the presence or absence o f  vegetation and logs, and the sediment types 
both within the channel bed and on the bar surfaces. Examination o f  the vertical 
sequence and structural arrangements o f  the sediments was confined to exposed bar- 
profiles along channels. Although this method precluded a thorough investigation o f 
the bar substrates and prevented analysis o f  the channel beds below the exposed surface.
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excavation o f  bar- or channel bed-sediments was not feasible because o f the large size 
o f  the material (Photograph 1). Definition o f  sediment types within the study area was 
based on the facies model presented by Miall (1978b) and the description o f  facies and 
subfacies within the Rio Toro Amarillo as discussed by Kesel and Lowe (1987).
In addition to mapping the morphology o f  the abandoned channel reach, specific 
measurements o f  relative elevations were taken at regular intervals (30 m) and at points 
where major elevation changes occurred (e.g., edge o f  channel). Elevations were 
measured using a  brunton compass and a transit rod and were surveyed into a control 
point (0.0 m) at the extreme southeastern point o f  the study area. Dominant flow 
direction and the a-axis o f  the five largest clasts (Boothroyd and Ashley 1975; Costa 
1983; Komar and Carling 1991) within a 3-m radius around each grid point were 
measured every 10 m along the gridlines (Bluck 1982; Church et al. 1987). Dominant 
flow direction was determined based on morphological indicators such as channel 
orientation and direction o f  imbricated clasts (Rust 1972) and was measured using a 
brunton compass.
Data collection on the individual bar largely followed the methods used in the 
investigation o f  the entire abandoned channel reach. The bar, located within the study 
reach along one o f  the primary inactive channels (Figures 3 and 4) and extending 
approximately 70 by 21 m, was mapped at a higher resolution than the abandoned 
channel reach. A grid with XY-coordinates at a 7-m resolution was laid out over the 
bar surface as a  basis for mapping (Figure 5) and tied into the XY-grid used to map the 
entire reach. Mapping and data collection were conducted in the same manner as for 
the larger study area regarding the overall morphology o f the bar, micromorphological 
features, relative elevation, and dominant flow direction. Additional data collection 
included measurements o f  the a-, b-, and c- axes o f the ten largest clast-sizes at each 
grid point and o f  the imbrication angles and flow direction o f  the five largest clasts.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
44
Photograph 1 : Example o f  the coarse sediments preventing extensive excavation o f
the sediments in the abandoned channel reach.
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Data Analysis
The data collected during this field investigation subsequently were input into a 
database according to the XY-coordinates o f  the grid points. Specific measurements 
entered into the database for the abandoned channel reach included elevation, grain- 
size, and flow direction. Data entered for the individual bar included elevation, grain- 
size, flow direction, and imbrication. Compass readings for flow directions obtained in 
the field were converted to values on a 360-degree scale relative to the overall direction 
o f  the study area. Each data-point entry was further annotated according to its general 
textural (subfacies) and morphological (channel, thalweg, or bar) characteristics, 
presence o f logs and vegetation, and location relative to the channel network (e.g., at 
the confluence channels). Micromorphological features were identified when possible 
and input as a modifier to the primary morphology.
The data collected for the individual bar within the study area provided 
additional information concerning the morphological and sedimentological 
characteristics o f  the Rio Toro Amarillo deposits and the transport o f  coarse-grained 
clasts present in the river. Measurements o f  the three axes o f  the ten maximum clasts 
were used to determine clast-shape according to the classification presented by Sneed 
and Folk (1958). The relative abundance o f the various clast shapes, and their spatial 
distribution on the bar surface, was used to assess the effects o f  clast-shape on 
transport-mobility.
The elevation measurements and map annotations o f  degree o f  elevational 
differences between morphological features were used to calculate gradients and obtain 
cross-sectional profiles and estimated water depths at various locations along the 
abandoned channel reach. Data obtained from these computations were subsequently 
used to calculate hydraulic radius, wetted perimeter, and slope as input variables in the 
Manning equation which provides a formula for calculating discharge-magnitudes and
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flow-velocities; the roughness coefiRcient was assumed to be 0.05 (Ritter 1978, Blair 
and McPherson 1994). Average and extreme flow conditions also were estimated for 
the average channel geometry in the abandoned channel reach. Both variables were 
subsequently evaluated relative to the morphology and clast-size measurements in a 
given section o f  the study area.
The characteristics o f  the (sub)facies in the study area and the sequence in which 
these sedimentary units occurred were evaluated to reconstruct the depositional history 
o f  the abandoned channel reach and assess the potential importance o f  high suspended- 
sediment-concentration flows as a contributor to the sediment transport-dynamics in the 
Rio Toro Amarillo. Determination o f  the transport mechanism for a given facies or 
subfacies identified in the study area was based on comparative descriptions o f  the 
sedimentological characteristics o f  depositional units which are commonly used as an 
indicator o f  the type o f  flows in the literature (Chapter 2).
Collection and analysis o f  grain-size data as a means o f acquiring knowledge 
about the physical processes associated with river systems is one o f the most 
fundamental methods in fluvial geomorphology. Examination o f the spatial distribution 
o f clast-size sediments in coarse gravel-bed rivers has been employed by many 
researchers to explain depositional patterns in fluvial systems (e.g.. Smith 1974; Hein 
and Walker 1977; Bluck 1987; Dawson 1988; Ashworth et al. 1992). In addition,
Komar and Carling (1991) recently reiterated that maximum-size clasts are 
representative o f  the total sediment load, provide a more stable indicator o f  flood 
hydraulics, and, consequently, can be related to sediment transport processes in a fluvial 
system.
A series o f  statistical analyses were performed on the data collected in the two 
components o f  the field investigation to assess the potential significance o f  the 
relationship between the measured variables. Both maximum and average maximum
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clast-size measurements in the channel beds and on the braid complexes o f  the 
abandoned channel reach (five largest clasts) and the individual bar (ten largest clasts) 
were analyzed for mean value, standard deviation, and confidence interval o f the mean 
value (95 %). The latter two were calculated as a measure o f  relative sorting o f  the 
clasts and the norm o f the mean values, respectively. The statistical analyses o f  the 
clast-size data were performed for all data combined and by sedimentary unit 
(subfacies), and/or (micro)morphological features identified in the study area. 
Calculation o f  descriptive statistics by sedimentary unit and morphological features was 
conducted to evaluate potential variations in clast-size as an indicator o f  different 
depositional environments. Furthermore, determination o f  significant differences in 
clast-size between micromorphological features could contribute to a better definition o f  
morphological characteristics o f these features.
Regression analyses were performed for average maximum clast-size versus 
both distance downstream and gradient, as well as gradient versus distance downstream 
to evaluate potential trends in clast-size variation relative to the location along the 
longitudinal profile o f the abandoned channel reach and individual bar, and to the 
gradient at the various sample-locations. Regression analyses were done separately for 
the channels and braid complexes identified within the study area.
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CHAPTER 4: PHYSICAL SETTING
GEOLOGICAL SETTING
The Rio Toro Amarillo is one o f several river systems that drain the Atlantic 
watershed o f  the Cordillera Central in Costa Rica (Figure 1) and have deposited a series 
o f  coalescing alluvial fans which merge into a broad alluvial coastal plain (Kesel 1985; 
Kesel and Lowe 1987). The Cordillera Central is the northwestern trending segment o f  
the Middle American Magmatic Arc and is composed o f Quaternary volcanic rocks, 
including lavas, tuffs, ash, and volcanoclastics (Weyl 1980). The Rio Toro Amarillo 
drains the northern flank o f Volcan Irazu, the highest (3,432 m) and southernmost o f  
three active volcanoes in this mountain range. Sediment composition o f  Volcan Irazù 
was characterized by Krushensky (1972) as Pleistocene to Holocene lavas, ash layers, 
and epiclastic rocks.
The area is tectonically and volcanically active as evidenced by a series o f faults 
(Figure 6) that run parallel to the mountain front, and periods o f  volcanic activity 
associated with earthquakes and ash eruptions (Murata et al. 1966; Waldron 1967; 
Barboza 1996). Within the last century, volcanic eruptions associated with Volcan 
Irazu were reported during the years 1917-1924; 1928-1930; 1933; 1939-1940; and 
1963-1965 (Barboza 1996). The eruptions produced large quantities o f  ash with a basic 
andesitic composition. After the eruptions in 1963-1965, the volcano was reportedly 
inactive until 1991. However, the renewed activity, beginning in 1991, has not been 
associated with major eruptions (Barboza 1996).
The occurrence o f earthquakes within the area was studied by Barboza (1996). 
According to her records, one o f  the strongest earthquakes occurred in 1952 and 
registered 5.5 on the Richter scale. More recently, earthquakes associated with the 
Irazu Fault have been noted between 1991 and 1992 (4620 earthquakes), and in 1994
49
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Figure 6: General morphology o f  the Rio Toro Amarillo fan (modified from
Kesel and Lowe 1987).
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(284 earthquakes). The earthquakes have resulted in landslides and debris avalanches 
that are routed through and deposit sediments within the river valleys (Barboza 1996).
The location o f  the Rio Toro Amarillo within a volcanically active setting 
provides for a unique environment in which sediments are supplied, at least periodically, 
at a much higher rate as compared to areas where sediment supply is controlled and 
generated by weathering o f the pre-existing rock material (Smith 1991). According to 
Smith (1991), sediments produced, transported, and deposited in these environments 
are generally loosely consolidated or unconsolidated and, therefore, more susceptible to 
erosion by fluvial processes. As has been noted with eruptions associated with Volcan 
Irazù, the latter processes are further enhanced by the destruction o f  the vegetative 
cover that occurs from these events (Waldron 1967; Kesel 1985; Kesel and Lowe 1987;
Smith 1991; Smith and Lowe 1991).
The literature suggests that the occurrence o f  high-sediment-concentration- 
flows in volcanically active areas is induced primarily in two ways: (1) catastrophic 
events, and (2) increased runoff. Previous studies o f  sediment flows resulting from 
eruptions o f  Volcan Irazù (Waldron 1967; Kesel 1985; Kesel and Lowe 1987) and other 
volcanically active areas in similar settings (of. Vessel and Davies 1981; Bradley and 
McCutcheon 1987; Rodolfo and Arguden 1991; Smith 1991; Smith and Lowe 1991) 
have indicated that such flows can result from episodic increases in suspended-sediment 
concentrations resulting from sediments produced by eruptions. As discussed in 
Chapter 2, Waldron (1967) also suggested that the ash production, associated with the 
major eruptions o f  Volcan Irazù in 1963-1965, resulted in high-sediment-concentration 
flows because o f  the increase in flash floods created by the relative decrease in 
permeability o f  the sediments in the drainage basins in the area o f impact.
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GEOMORPHOLOGY AND SEDIMENTOLOGY
The geomorphology o f  the Rio Toro Amarillo alluvial fen and characteristics o f  
fan sediments have been investigated previously by Kesel and Lowe (1987) and Kesel 
(1985). The following discussion is largely based on the results o f  their studies, 
investigations o f  aerial photographs and topographic maps, and observations made 
during the field component o f  this study by the author.
Geomorphology
Kesel (1985) studied several alluvial fan systems in Costa Rica and calculated 
the areal extent o f  the Rio Toro Amarillo fan-complex from topographic maps. 
According to  his study, the catchment basin o f the Rio Toro Amarillo alluvial-fan 
encompasses an area o f 138 km^ Within the catchment basin, the Rio Toro Amarillo is 
confined to  a narrow and sinuous steep-sided valley. The alluvial fan complex o f  the 
Rio Toro Amarillo covers an area o f approximately 162 km^ and can be divided in three 
sections; (1) active fan, (2) recent inactive fan, and (3) older inactive fan (Figure 6).
Within the older inactive portion o f the fan, the Rio Toro Amarillo is deeply incised into 
the fan surface to depths ranging from 100 m at the fan apex, to  10 m at the distal end 
o f the older inactive fan. The width o f the channel in this area is approximately 50 m, 
up to 100 m in some sections, and the regional gradient o f the channel is 0.033 m/m.
The gradient o f  the fan surface is 0.044 m/m. The eroding, older inactive fan and the 
catchment basin constitute the source area for sediments building up the active fan.
The transition o f the older active fan to the recent inactive and active fan 
portions o f  the Rio Toro Amarillo fan-system occurs at a point where a major high 
angle fault cuts across the fan (Figure 6; Photograph 2). Downstream from this high 
angle fault, which runs parallel to the mountain front, the river emerges onto the 
presently active fan. Charmel width in this area can reach 400 m at flood stage. The 
channel gradient on the active fan surface ranges from 0.026 m/m at the upper end o f
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Photograph 2: Photograph illustrating the magnitude o f  the high angle fault which 
transect the Rio Toro Amarillo fan.
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the fan to 0.009 m/m at the distal end. The channel pattern o f  the active portion o f  the 
Rio Toro Amarillo fan can be defined as braided. However, at low discharges, most o f  
the flow is confined to a single channel which may be only one-tenth o f  the flood-stage 
width. To the east o f  the active fan is a fan surface at a slightly higher elevation which 
represents the recently inactive alluvial fan. The number o f channels increases downfan 
until they merge into a single sinuous channel on the coastal plain. The channel gradient 
on the coastal plain is less than 0.002 m/m.
The development o f  the fan complex is affected by its location in a tectonic and 
volcanically active area (Kesel 1985; Kesel and Lowe 1987; Smith and Lowe 1991).
Periods o f  volcanic activity associated with earthquakes and ash eruptions fi’om Volcan 
Irazù have historically introduced large amounts o f  sediment into the river (M urata et al.
1966). In recent history, between 1963 and 1965, a series o f  volcanic eruptions 
provided for such an influx o f  sediment supply to the active portion o f  the Rio Toro 
Amarillo fan (Kesel 1985). Kesel and Lowe (1987) and Kesel (1985) used aerial 
photographs (I960, 1972, 1981, and 1985) and available topographic maps to describe 
the changes in channel pattern o f the Rio Toro Amarillo system in response to  this 
change in sediment supply. The following discussion is largely based on the research 
performed by these authors.
Prior to the eruption o f Volcan Irazù (I960) the Rio Toro Amarillo chaimel- 
pattem was predominately anastomosing (Schumm 1981) with sinuous subchannels 
dividing the alluvial surface into several islands. Accordingly, the islands were 
characterized by numerous dry channels and were largely vegetated. However, some o f 
the inactive channels could become part o f  the active fluvial system when high 
discharges occurred. By 1972, after the period o f  volcanic activity with associated 
earthquakes, the active channel had increased in width by increasing its number o f  
subchannels, and many bars had been altered morphologically and were no longer
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vegetated. The channel had thus gained a more braiding character rather than 
anastomosing.
Concomitant with this change in channel pattern, the main channel o f  the river 
had shifted to  a more western location. Kesel and Lowe (1987) suggested, and Smith 
and Lowe (1991) argued, that this shift in location o f  the active channel and change in 
channel pattern, subsequent to the period o f volcanic activity, could be attributed to  the 
occurrence o f high-sediment-concentration flows resulting from the sudden influx o f 
suspended sediments into the Rio Toro Amarillo system.
By 1982, the Rio Toro Amarillo had shifted further to the west and had returned 
to an anastomosing pattern (Kesel 1985). Many o f  the bars had again become 
vegetated and the width of the active channel was reduced in size. According to  Kesel 
(1985), this change in pattern also indicated that less sediment was being transported 
through the system. Investigation o f  aerial photography, taken in October o f 1985, 
indicate that the Rio Toro Amarillo was still characteristic o f  a predominately 
anastomosing river system at that time. However, as will be discussed in Chapter 5, a 
section o f the Rio Toro Amarillo main active channel had shifted slightly to the west 
and was better described as having a braided character.
Sedimentology
Additional evidence for the possible contributions o f  high-sediment- 
concentration flows in the development o f the Rio Toro Amarillo fan-complex can be 
found in the sedimentary characteristics o f the Rio Toro Amarillo alluvial-fan-deposits. 
According to Kesel and Lowe (1987), the active Rio Toro Amarillo system's sediments 
are characterized by two primary fluvial lithofacies as defined by Miall (1977). The 
predominant facies (over 95 % o f  the fan-deposits) consist o f massive or crudely 
bedded gravel (Gm); the remaining sediments are classified as sand (S), both flood 
channel and overbank (Kesel and Lowe 1987).
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The massive o r crudely bedded gravels in the active portion o f  the fan can be 
divided into tw o subfacies; (I)  massive to crudely stratified openwork cobble to boulder 
gravel (G m J, and (2) massive to crudely stratified gravel with a sand matrix (Gmz). 
According to Kesel and Lowe (1987) clasts in the Gmi sub&cies are moderately to well 
sorted and can reach a maximum diameter o f 2.5 m; imbrication o f the boulders and 
cobbles is also well developed. Both the clasts and matrix o f  the Gm^ subfacies were 
described as poorly sorted (Kesel and Lowe 1987). In addition, the clasts in this 
subfacies have a maximum diameter o f 1.5 m and exhibit some imbrication.
Although Kesel and Lowe (1987) identified a third subfacies (Gms) and defined 
this subfacies as matrix-supported gravels, this subfacies was identified as being 
characteristic o f  older fan-deposits and therefore does not occur in the deposits o f  the 
active fan. Clasts in this subfacies were described as angular to well-rounded, having a 
maximum diameter o f  1.5 m. The Gms subfacies can be correlated with debris flow 
events (Kesel and Lowe 1987) in which massive deposition o f  coarse gravels and fine­
grained sands occurs in situ. However, the absence o f this subfacies in the more 
recently formed portions o f  the fan, suggests that other types o f  flows have contributed 
to the deposition o f fan sediments in these areas.
Within the active portion o f the Rio Toro Amarillo fan, a typical sequence o f  
depositional units consist o f  the Gmi deposits overlain by sediments o f  the Gmz 
subfacies and S facies (Figure 7). According to Kesel and Lowe (1987), the Gmi 
subfacies reflects a period o f a predominately low discharges, during which extreme 
floods can result in the "rapid accumulation or reorganization o f  gravel in channels and 
braid complexes" (p. 95). In contrast, the Gmz subfacies is deposited during periods o f  
high sediment-supply o f  finer-grained sediments. Based on the characteristics o f  the 
deposits o f the Gmz subfacies, this subfacies was probably deposited by 
hyperconcentrated flows. Consequently, the sequence o f subfacies can be explained by
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Figure 7: Typical facies sequence in the fan sediments o f  the Rio Toro Amarillo
(modified from Kesel and Lowe 1987).
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the alternation o f  periods in which the Newtonian and high-sediment-concentration 
flows dominate the flow regime in the Rio Toro Amarillo. In either case, grain-by-grain 
deposition (Smith and Lowe 1991) would dominate the depositional environment.
Investigation o f  the fan-sediments and history o f  fan-development demonstrated 
that sudden sediment-influx, resulting from volcanic activity in the period between 1963 
and 1965, produced high-sediment-concentration flows within the Rio Toro Amarillo 
system (Kesel 1985; Kesel and Lowe 1987; Smith and Lowe 1991). However, 
according to the reconstruction o f historical volcanic and tectonic disturbances in the 
region presented above, the last periods o f significant volcanic eruptions (1963-1965) 
and tectonic activity (1952), were, respectively, two and three decades prior to the time 
o f the field investigations conducted in the current study (1983-1985). Although high- 
sediment-concentration flows can be identified as a transport agent o f  the Rio Toro 
Amarillo sediments shortly after the period o f  high sediment influx (Kesel and Lowe 
1987), their contribution to the dynamics o f the active Rio Toro Amarillo, two decades 
after these events, may become less important as fine-grained sediment supply is 
reduced.
Comparison o f  the sedimentological characteristics o f  the Rio Toro Amarillo 
fan-deposits and their depositional environments interpreted by Kesel and Lowe (1987) 
with the classification o f primary depositional processes on alluvial fans presented by 
Blair and McPherson (1994), suggests that sediments in the active portion o f the fan 
were deposited by fluid-gravity flows as defined by Blair and McPherson (1994). 
Specifically, the Gm2 subfacies can be attributed to sheetfloods and even incised-channel 
floods in the proximal portion o f the active fan. The relatively high percentage o f  fine­
grained sediments in this subfacies (Kesel and Lowe 1987) would indicate that these 
flows are characteristic o f the upper range o f hyperconcentrated flows regarding relative 
concentration of suspended sediments (Smith and Lowe 1991; Blair and McPherson
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1994). The predominance o f this subfacies in the Rio Toro Amarillo fan-deposits 
agrees with Blair and McPherson's (1994) contention that sheetfloods are one o f  the 
dominant depositional processes in most modem alluvial fans.
Based on the description o f  the Gms subfacies in the inactive portion o f  the Rio 
Toro Amarillo fan (Kesel and Lowe 1987), the occurrence o f  this subfacies largely 
agrees with the definition o f fan-deposits resulting from sediment gravity flows, 
particularly, debris flows (Blair and McPherson 1994). However, Blair and McPherson 
(1994) argued that cohesive debris-flows (i.e., clast-poor) are most common on modem 
alluvial fans. The Gms subfacies in the deposits o f the Rio Toro Amarillo fan can not be 
described as clast-poor. The abundance o f clasts in these deposits can possibly be 
attributed to the availability o f  coarse-grained sediments resulting from volcanic and 
tectonic activity in the area.
Sediments o f the Gmi subfacies in the active portion o f  the Rio Toro Amarillo 
fan (Kesel and Lowe 1987) are not represented in the classification o f  primary and 
secondary processes on alluvial fans. As discussed in Chapter 2, Blair and McPherson 
(1994) did not include fluvial processes within their classification. Within the context of 
the current study, fluvial processes associated with alluvial fans were incorporated as a 
secondary process in the classification o f sedimentary processes on alluvial fans 
(Chapter 2). According to the definition o f  secondary processes (Blair and McPherson 
1994) and in accordance with the depositional environment interpreted by Kesel and 
Lowe (1987), these processes are active during normal or non-catastrophic conditions 
and are primarily responsible for reworking sediments deposited during catastrophic 
events.
CLIMATE
Climatic setting o f the Rio Toro Amarillo can be characterized as a wet tropical 
forest type climate. The upper part o f  the drainage basin is classified as a Cfa-climate
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and the lower part as an Afw"-climate according to  the Koppen classification system.
The annual average precipitation in the area is 450 centimeters (cm) with peaks in the 
summer (June-July) and the winter (November-December). The area receives 
considerable rainfall throughout the year except for March when rainfall may drop 
below 2 cm. The average annual temperature is 22° Celsius (C) with a range o f  2°C 
between the high and low monthly means. Temperature decreases and precipitation 
increases in the upper part o f the drainage basin to approximately 12°C and 500 cm, 
respectively.
The magnitude o f the precipitation in the area is partly dictated by the 
occurrence o f  hurricanes. Between 1930 and 1981, a  minimum o f  one hurricane a year 
crossed the Carribean in the vicinity o f  the east coast o f  Costa Rica each year (Vargas 
and Trejos 1994). The passage o f these hurricanes can induce extreme precipitation 
events which increases the potential for flash floods within the drainage basin o f  the Rio 
Toro Amarillo.
The magnitude and frequency o f precipitation within the drainage basin o f  the 
Rio Toro Amarillo indicate that climate does not appear to be a limiting factor for the 
occurrence o f  high-sediment-concentration flows or dilute streamflows, including flash 
floods. As discussed in Chapter 2, alluvial fan formation in humid tropical climates can 
be related to a  seasonal hydrological regime where flood discharges occur annually 
(Schramm 1981; Kochel and Johnson 1984). Although fans in humid tropical areas are 
commonly argued to be less likely associated with debris flows as compared to dilute 
streamflows and hyperconcentrated flows (cf. Blatt et al. 1980; Nilsen 1982; Kochel 
and Johnson 1984; Harvey 1992), the potential predominance o f  debris flows can not be 
excluded in the case o f  the Rio Toro Amarillo because o f  its location in a tectonically 
and volcanically active region.
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The effects o f  tectonic and volcanic activity on the types o f  flows occurring on 
the Rio Toro Amarillo have been documented previously and included the occurrence o f 
flash floods, debris flows, and hyperconcentrated flows (Kesel 1985; Kesel and Lowe 
1987). Similarly, Waldron (1967) observed debris flows and extreme flash floods 
resulting from Volcan Irazu eruptions and associated earthquakes in the Rio 
Reventazon basin and other drainage basins in the area. Other studies o f  alluvial fans in 
similar environments also have noted their volcanic setting, rather than climate, as the 
primary external controlling factor on the types o f  flows occurring within the system (cf.
Smith 1991). These findings suggest that location o f  fans in such settings may 
overshadow the potential influences o f  climate on the processes o f  fan formation.
VEGETATION
Natural vegetation in the drainage basin largely coincides with climatic 
variations. The lower part o f the drainage basin is characterized as a tropical wet forest 
while the upper part is classified as a montane wet forest (Tosi 1969). Vegetation in the 
upper and more stable portions o f  the drainage system has been changed to 
predominately grasslands by deforestation and burning associated with agricultural 
practices. However, the lower and dynamic portion o f the Rio Toro Amarillo system is 
still characterized by various stages o f  tropical wet forest (Kesel and Lowe 1987).
Dense vegetative cover has long been recognized as an inhibiting factor to the 
sediment supply in fluvial systems (Brice 1964). Destruction o f  the protective 
vegetative cover on the Rio Toro Amarillo fan-deposits and deposits in other 
volcanically active environments resulting from volcanic eruptions has been noted to 
enhance the introduction o f  sediments in these systems (Waldron 1967; Kesel 1985;
Kesel and Lowe 1987; Smith 1991; Smith and Lowe 1991).
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DISCHARGE CHARACTERISTICS AND SUSPENDED SEDIMENT LOADS
Discharge Characteristics
A limited amount o f  discharge data were available for the Rio Toro Amarillo 
(1973-1975). During the period o f record, a daily maximum discharge o f  792 cubic 
meters per second (mVs) was recorded on 29 November 1973 and a daily minimum 
discharge o f  4.3 m^/s on 29 April 1975. The mean annual discharge over this 20-month 
time period was calculated at 17.19 mVs. Additional information on the hydrological 
character o f  the Rio Toro Amarillo was available from work performed by Kesel 
(1985). In his study o f alluvial fans in Costa Rica, Kesel (1985) conducted field 
measurements in December o f  1983 to estimate both average and flood-discharge rates 
in the Rio Toro Amarillo. Based on a velocity measurement o f  1.4 meters per second 
(m/s), an average discharge was estimated at 29 mVs. In the absence o f  direct 
measurements o f  hydrological parameters (e.g., velocity, discharge), grain-size can be 
used to reconstruct hydrological events. Applying the results o f  studies by Costa 
(1983) and Bradley and Mears (1980), and using a clast-size o f  2.5 m, Kesel (1985) 
estimated a flood-velocity o f  8.0 m/s for the Rio Toro Amarillo. A cross-sectional area 
o f  the Rio Toro Amarillo channel at the apex o f  the fan, and representative o f  a recent 
flood event, subsequently was measured to obtain an estimate o f  a flood discharge. The 
resulting discharge corresponded to 1,950 mVs (Kesel 1985).
Because o f the limited information that can be obtained from a short-term 
record o f discharge data, the hydrological characteristics o f the Rio Toro Amarillo were 
investigated by analyzing the available data for the Rio Sarapiqui. Daily discharge data 
for the Rio Sarapiqui were obtained for the 1964 to 1994 period. During the period o f 
record, a daily maximum discharge o f  246 mVs was recorded on 21 November 1987 
and a daily minimum discharge o f 1.82 mVs on 13 April 1983. The mean annual 
discharge over this 30-year period was calculated at 9.24 m^/s.
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In order to assess the suitability o f using the Rio Sarapiqui discharge-data as a 
means o f describing the hydrological character o f  the Rio Toro Amarillo, the 
relationship between the monthly mean and maximum discharge data o f  the two river 
systems was investigated by performing a regression analysis and determining a 
correlation coefficient between the two rivers, for each o f  the variables (Figures 8 and 
9). As indicated in Figure 8, the mean discharge data o f  the Rio Sarapiqui show a 
distinct relationship to the Rio Toro Amarillo mean discharge (correlation coefficient o f  
0.93 and R-square o f  0.86). The relationship between monthly maximum discharge- 
values o f the Rio Sarapiqui and Rio Toro Amarillo is less distinct (correlation 
coefficient o f 0.37 and R-square o f 0.37 [Figure 9]). However, for the purpose o f  this 
investigation, the data for the Rio Sarapiqui were considered to be sufficiently 
representative o f  the Rio Toro Amarillo system; although evaluation o f maximum values 
will need to be made with caution.
Analyses o f  the Rio Sarapiqui discharge-data, performed to determine the 
hydrological character o f  the river system, are presented in Figures 10 through 15. The 
monthly mean discharge o f the Rio Sarapiqui is presented in Figures 10 and 11. The 
graphs indicate that, on the average, monthly mean discharge has decreased over the 
period o f record, both in magnitude and range (Figure 10). Annual variations in 
monthly mean discharge are shown in Figure 11 which clearly demonstrates a distinct 
peak in November and December.
Investigation o f the partial duration flood-discharge database o f  the Rio 
Sarapiqui provided some information regarding the seasonality and variability o f flood- 
events over the last three decades. Rio Sarapiqui flood-discharge-data are presented in 
Figures 12 through 15. Flood discharges were calculated relative to the lowest 
maximum discharge within a given year (66.1 mVs [Langbein 1949]). As such, a total 
o f 83 floods occurred within the period o f record. Figures 12 and 13 indicate that the
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Figure 8; Regression analysis o f the monthly mean discharge data o f  the Rio 
Sarapiqui (RSI) versus the Rio Toro Amarillo (RTA) for the period o f 
record.
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Figure 9: Regression analysis o f the monthly maximum discharge data o f  the Rio
Sarapiqui (RSI) versus the Rio Toro Amarillo (RTA) for the period o f 
record.
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Figure 10; Monthly mean discharge data for the Rio Sarapiqui (RSI) by 
hydrologie year for the period o f  record.
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Figure 11 : Monthly mean discharge data for the Rio Sarapiqui (RSI) for each
month for the period o f record.
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Figure 12; Flood discharge data for the Rio Sarapiqui (RSI) for each month for 
the period o f  record.
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Figure 13: Total number o f flood events in each month for the period o f record o f
the Rio Sarapiqui (RSI).
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M ignitade o f R SI Flood Events for the Period o f Record
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Figure 14: Flood discharge data for the Rio Sarapiqui (RSI) by hydrologie year
for the period o f  record.
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Figure 15: Total number o f  flood events in each year for the period o f record o f
the Rio Sarapiqui (RSI).
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magnitude and frequency o f  floods are greatest in the month o f  November, which 
conforms with the fact that the largest flood-discharge on record for both the Rio Toro 
Amarillo and Rio Sarapiqui were recorded in this month. When flood-discharge 
magnitudes and frequencies were plotted in order o f  their chronological occurrence 
(Figures 14 and 15), the data indicate a slight decrease, in both magnitude and 
frequency o f flood events over the period o f record.
Suspended Sedim ent Load
No suspended-sediment data were available for the Rio Toro Amarillo. Monthly 
and daily maximum suspended sediment loads o f  the Rio Sarapiqui were available for 
1970 through 1992. Analyses performed with this data set are presented in Figures 16 
through 21. Total annual suspended sediment loads for the Rio Sarapiqui ranged, on 
the average, between 4,500 and 10,000 tons/year (Figure 16). Although a value o f  
22,699 tons/year was recorded in 1970-1971, the abrupt change in mean suspended 
sediment load after 1970-1971 indicates that this extreme value could be a recording 
error. Alternatively, the high suspended sediment load may be attributed to an influx o f  
suspended sediments resulting from volcanic or tectonic activity in the area, as has been 
postulated for the Rio Toro Amarillo (Kesel and Lowe 1987; Smith and Lowe 1991), 
and for the Rio Reventazon and other rivers in the region (Waldron 1967). The 
seasonality o f the maximum suspended sediment loads (tons/day) is presented in Figure 
17 and corresponds well with the seasonality-trends established for the mean- and 
flood-discharges (Figures 11 and 12), i.e., highest suspended sediment loads are 
recorded in November and December.
The positive correlation between discharge and suspended sediment loads is 
further supported when plotting these two variables against each other for the mean 
values (R-square is 0.83 and correlation coefficient is 0.91 [Figure 18]). However,
Figure 19 indicates that at high discharges, suspended sediment loads can vary
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Figure 16: Annual suspended sediment load for the Rio Sarapiqui (RSI) for the
period o f record.
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Figure 17: Monthly maximum suspended sediment load for the Rio Sarapiqui
(RSI) for the period o f  record.
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Figure 18: Regression analysis o f the monthly mean discharge and total monthly
suspended sediment load for the Rio Sarapiqui (RSI).
Monthly Maximum D ischarge sersus 
M m thly Maximum Suspended S edm ent Load for the R SI
10000
1000
100
y = 3.8363%-66.502 
F? = 0.45 
Correlation Coefficient = 0.67
100 1000
Maximum Discharge (m /s)
Figure 19: Regression analysis o f the monthly maximum discharge and
suspended-sediment-load data for the Rio Sarapiqui (RSI).
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substantially (R-square is 0.45 and correlation coefBcient is 0.67). When correlating the 
suspended sediment loads with the discharges for all flood events (i.e., relative to  the 
partial duration flood-discharges), this variability becomes even more apparent (R- 
square is 0.22 and correlation coefBcient is 0.47 [Figure 20]), indicating an 
independence o f  the two variables.
In order to evaluate the variability in magnitude o f  suspended sediment available 
to  the Rio Sarapiqui system over the period o f record, flood-related suspended sediment 
loads were plotted against their years o f  occurrence (Figure 21). As shown in Figure 
21, suspended sediment loads during flood events vary greatly but, on the average, 
appear to decrease gradually over time.
Potential for High-Sediment-Concentration Flows
The analyses presented in Figures 14, 18, 20, and 21 provide for some 
interpretations concerning the fluctuations in availability o f suspended sediment in the 
Rio Sarapiqui system. The regression analysis for the monthly mean discharge and 
suspended sediment loads o f  the Rio Sarapiqui shows a distinct relationship between the 
two variables (R-square is 0.83 [Figure 18]). At the same time, maximum suspended 
sediment loads during flood events show a high degree o f  variability for similar 
discharges (R-square is 0.22 [Figure 20]). Furthermore, the magnitude o f suspended 
sediment loads during flood events (Figure 21) appears to vary more through time than 
discharge-magnitudes for the same flood events (Figure 14). Consequently, while 
suspended sediment, on the average, is equally available to the system for similar 
discharges (Figure 18), these sediments are not equally available during similar flood 
events (Figure 20). At the same time, the fact that the suspended sediment loads varied 
substantially for the recorded flood events indicates that at a  given discharge, high 
concentrations o f  suspended sediment may occur and could contribute to  the 
development o f  high-sediment-concentration flows. Accordingly, the analysis o f
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Figure 20; Regression analysis o f the maximum discharge and suspended- 
sediment load data during flood events in the Rio Sarapiqui (RSI).
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Figure 21: Maximum suspended sediment load during flood events for the period
o f record o f the Rio Sarapiqui (RSI).
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discharge and suspended-sediment data suggest that both extreme flood events (i.e., 
under dilute streamflow conditions) and high-sediment-concentration flows have the 
potential o f  occurring.
The data further suggests that the magnitude o f  suspended sediment loads is 
potentially controlled by the degree to which the morphology o f the system changes 
during a given flood event; e.g., fine-grained sediments, trapped in bar formations and 
channel beds o f  the system, are sporadically released when a given flood erodes or 
reworks a morphological feature. This interpretation is supported by findings from 
other studies in coarse gravel-bed rivers which have documented the release o f  fine­
grained sediments into the water flow when bed forms, at various scales, are destroyed 
(cf. reviews by Richards 1990; Richards and Clifford 1991; Rhoads 1992). 
Unfortunately, the majority o f research on sediment load in coarse gravel-bed rivers, 
both under normal- and flood-conditions, is focused on the bedload component o f the 
sediment load and does not address the suspended sediments that occur in these systems 
(cf. Hey et al. 1982; Thome et al. 1987; Billi et al. 1992). Consequently, the 
relationship between flood discharges and suspended sediment loads as observed in this 
study could not be compared with other coarse gravel-bed rivers.
On a larger scale, Waldron (1967) argued that sediment loads in the Rio 
Reventazon in Costa Rica were largely affected by the morphological changes in the 
basin in response to the ash eruptions o f Volcan Irazu (1963-1965). These eruptions 
did not only result in a direct, high sediment-influx to the river but also indirectly caused 
an increase in flash floods because o f the relative decrease in permeability o f  the 
sediments in the basin (Waldron 1967). Similar drainage basin conditions after volcanic 
eruptions have been noted for the Rio Toro Amarillo (Kesel 1985; Kesel and Lowe 
1987) and rivers in volcanically active areas (cf. Bradley and McCutcheon 1987; 
Rodolfo and Arguden 1991; Smith 1991; Smith and Lowe 1991).
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Assuming that the conditions in the Rio Reventazon as described by Waldron 
(1967) are representative for the Rio Toro Amarillo drainage basin, additional 
information on the potential occurrence o f high-sediment-concentration flows in the Rio 
Toro Amarillo can be derived from the work performed by this researcher. Waldron 
(1967) measured the sediment concentrations for a number o f  high-sediment- 
concentration flows that occurred within a two-month period in 1964. Sediment 
concentrations ranged between 200,000 and 788,000 ppm with an average value o f  
574,000 ppm. Comparison o f  these values with the classification o f  high-sediment- 
concentration flows by Beverage and Culbertson (1964), indicates the occurrence o f 
both hyperconcentrated flows and dilute streamflows with relatively high sediment 
concentrations.
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CHAPTERS: ABANDONED CHANNEL REACH
During the period o f field investigation (1983-1985), the Rio Toro Amarillo 
system was characteristic o f  an anastomosing river with a single dominant slightly 
sinuous channel carrying the majority o f flow during low discharges. Numerous 
secondary channels were present and were separated from each other by a series o f  
braid complexes and islands. These braids and islands had various degrees o f vegetation 
cover depending on relative elevation and, consequently, the extent and duration to 
which they had been exposed to active fluvial processes. As discussed in Chapter 4, 
Kesel and Lowe (1987) and Kesel (1985) used these characteristics to determine the 
history o f  alluvial fan formation and divided the Rio Toro Amarillo fan-system in three 
general zones; (1) active, (2) recently inactive, and (3) older inactive portion o f  the 
system (Figure 6).
The abandoned channel reach investigated in the current study (Figures 3 and 4) 
constituted a section o f  the active portion o f  the Rio Toro Amarillo fan-system (as 
defined by Kesel and Lowe [1987]) and was located approximately 250 m downstream 
o f the fault (Figure 6), immediately to the east o f  the existing (1984-1985) active main 
channel; in this location, the active channel was approximately 30 m wide (Photograph 
3). The upstream portion o f the study reach was separated from this active channel by a 
wall o f large openwork boulders (maximum 2.0 m in diameter) which were part o f  the 
active channel's levee (Photograph 4). Along the western portion o f the study area, this 
abandoned channel was separated from the active channel by a vegetated island until it 
rejoined the active channel approximately 590 m downstream (Figures 3 and 4). The 
eastern boundary o f  the study area also was defined by the presence o f a vegetated 
island. Vegetation cover on both o f these islands consisted o f  trees, shrubs, and grasses 
(Photographs 4 and 5). Along its widest expanse, the width o f the abandoned channel
75
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Photograph 3: Active channel (1984-1985) o f  the Rio Toro Amarillo to ± e  west o f
the abandoned channel reach.
Photograph 4: Large clasts at the upstream end o f  the abandoned channel reach
forming the levee o f  the active channel.
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Photograph 5: Vegetated bars defining the boundary o f  the study area (looking
upstream into the abandoned channel reach).
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reach was approximately 180 m wide. The overall orientation o f the channel in the 
study area was N43W.
The field data collected during the course o f  this investigation were used to 
describe the morphological and sedimentologicai characteristics o f  the Rio Toro 
Amarillo in the abandoned channel reach. The data collected at each o f  the data points 
in the study area are presented in Appendix A according to their XY-coordinates and 
include: (1) elevation, (2) individual measurements o f  the five largest clasts, (3) average 
maximum clast-size, (4) flow direction, (5) morphology, (6) sedimentary unit 
(subfacies), and (7) presence o f logs or vegetation, and general comments regarding the 
sediments present at the sampling site. The "major" morphology-attribute at each o f  the 
sample locations was based on whether the data point was located within a channel or 
thalweg, on the vegetated bar along the perimeter o f  the study area, or whether the 
location was within one o f the braid complexes.
Additional variables noted for the bar-surface data involved whether the 
sampling point was located on the edge o f the bar, with flow direction towards the 
channel or towards the interior o f  the braid complex. "Minor" morphology attributes 
were based predominantly on the presence o f  micromorphological features and the 
occurrence o f minor (i.e., secondary) channels on braid complexes. The location o f 
sampling points relative to the confluence or bifurcation o f  channels also was noted in 
the primary channels.
Observations and measurements taken on the individual bar within the study 
area are presented in Appendix B according to the XY-coordinates o f the sampling 
points and include: (I) the a-, b-, and c- axes o f  the ten largest clasts, (2) elevations 
(relative to the 0.0 m control point), (3) morphological association, (4) predominant 
flow directions, and (5) five imbrication measurements at each o f the data points. In 
addition, clast shapes were calculated based on the a-, b-, and c- axes.
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MORPHOLOGY AND GEOMETRY 
Within the abandoned channel reach, the morphology o f  the Rio Toro Amarillo 
was characteristic o f  a  braided (rather than anastomosing) river system with a bimodal 
sediment load. Three primary channels (referred to  as western, central, and eastern 
channel in this document) and three braid complexes (referred to as braid complex 1, 2 
and 3) could be identified within the study area (Figure 4). The primary channels 
bifurcated and reconnected to  form a single channel towards the distal end o f  the reach.
This extreme downstream section o f the channel reach was characterized by large 
quantities o f  fine-grained sediments. The elevational difference between the highest 
point in the central primary channel at the most upstream point to  where it rejoined the 
active channel was 17.29 m with an overall gradient o f  0.031 m/m.
The most western braid complex (braid complex 1) was approximately 170 m 
long with a maximum width o f  65 m. The western and central primary channels defined 
the western and eastern boundary o f this braid complex, respectively (Figure 4). Braid 
complex 2 was located within the central portion o f  the abandoned channel reach 
between the central primary channel to the west and the eastern primary channel to  the 
east (Figure 4). This braid complex was approximately 260 m long with a maximum 
width o f 85 m. The third braid complex (braid complex 3) was located along the 
eastern edge o f  the study area between the eastern primary channel and the vegetated 
bar which defined the eastern boundary o f  the study area (Figure 4). Braid complex 3 
was measured to  be approximately 270 m long with a  maximum width o f  70 m.
Individual bars within the braid complexes also were separated by a series o f  
channels which eventually connected to the three primary channels (Photograph 6). The 
bars varied in length ranging from 70 to 200 m and the elevational difference between 
the bar surfaces and the channel beds adjoining the bars was, as expected, generally 
largest in the central portion o f  the bar formation. The more elevated bars within the
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Photograph 6: Channel in braid complex 2 connecting to central primary channel.
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abandoned channel reach often had a veneer o f  fine-grained sediments and had started 
to become vegetated with grasses. Logs also predominately occurred on these higher 
bar surfaces and generally were piled up on the stoss-side o f  large-sized boulders. The 
majority o f  the logs were found in the upstream portion o f  the study area where the 
largest expanses o f  fine-grained sediments on top o f  the bar surfaces were observed 
(Figure 4).
Elevation measurements were used to calculate cross-sectional profiles in the 
abandoned channel reach and channel depths o f  the primary channels. Figures 22 
through 3 1 show a series o f  representative cross sections in the study area at various 
distances downstream (see Figure 4 for locations o f  the cross sections). The dashed line 
in Figures 22 through 30 indicates the maximum elevation that occurred in each o f  the 
cross sections, exclusive o f  the elevations that were measured at the vegetated islands 
which border the abandoned charmel reach. This line therefore represents the minimum 
water elevation that would be required to cover the entire width o f  the abandoned 
channel at that cross section. Also indicated on these Figures is the maximum measured 
elevation o f  the vegetated bars at each o f  the cross sections as a measure o f  maximum 
water depth which could have been contained within the abandoned channel reach.
Figures 32 and 33 further demonstrate the changes in elevational differences 
between the highest (both on the vegetated bars bordering the study area and within the 
abandoned channel) and lowest measured points along each o f the cross-sectional 
profiles, and the depth o f the three primary channels, respectively. Channel depths in 
Figure 33 represent the elevational difference between the deepest part o f the channels 
and the vegetated bar for the cross sections located between 50 and 380 m downstream. 
Downstream from this point no measurements o f  the elevations o f  the vegetated bar 
were available and channel depth was calculated based on visual observations.
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Figure 22: Cross section in the abandoned channel reach, approximately 50 m
downstream.
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Figure 23 : Cross section in the abandoned channel reach, approximately 80 m
downstream.
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Figure 24: Cross section in the abandoned channel reach, approximately 110 m
downstream.
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Figure 25: Cross section in the abandoned channel reach, approximately 140 m
downstream.
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Figure 26: Cross section in the abandoned channel reach, approximately 190 m
downstream.
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Figure 27: Cross section in the abandoned channel reach, approximately 230 m
downstream.
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Figure 28: Cross section in the abandoned channel reach, approximately 260 m
downstream.
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Figure 29: Cross section in the abandoned channel reach, approximately 300 m
downstream.
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Figure 30; Cross section in the abandoned channel reach, approximately 380 
meters downstream.
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Figure 31: Cross sections in the abandoned channel reach at various distances
downstream (towards the distal end o f  the abandoned channel).
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Figure 32; Elevational extremes between channel beds and bar surfaces at each 
cross section in the abandoned channel reach.
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Figure 33: Changes in depth o f the primary channels along the longitudinal profile
o f the abandoned channel reach.
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As indicated in Figures 4  and 22 through 31, the lateral extent o f the network of 
braiding channels in the abandoned channel reach ranged from 180 to 65 m with an 
average width o f 150 m. The maximum elevational difference at a given cross section, 
excluding elevation measurements on the vegetated bars, was as low as 0.81 m and as 
high as 4.52 m (Figure 32). When considering the elevation o f  the vegetated islands 
that bordered the study area, a maximum elevational difference o f 6.86 m was 
calculated (Figure 32). However, in other portions o f  the study area (i.e., not 
represented in the cross sections) the elevational difference between the channel and the 
vegetated bars sometimes reached 10 m. The latter provides an estimate o f  the 
maximum flood stage that could have occurred within the confines o f  the channels in 
the study area.
Also represented in Figure 32 is the elevational difference between the maximum 
measured elevations o f  the vegetated bars versus the maximum elevation that was 
measured at sampling points within the abandoned channel reach. Evaluation o f  these 
data indicates that in the upstream portion o f the abandoned channel reach (up to 140 m 
downstream) the maximum elevation o f  the sediments deposited within the channel 
were equal to or higher than the measured elevations on the vegetated bars that 
bordered the study area (Figures 32 and 22 through 25).
Channel depth in the three primary channels varied substantially throughout the 
study area (Figure 33). In the upstream portion o f abandoned channel reach, the depth 
o f  the three primary channels ranged from 1.97 to 6.86 m; depths generally increasing in 
a downstream direction to approximately 380 m downstream (Figure 33). Farther 
downstream (between 410 and 590 m), the primary channels were less well-defined 
(Figure 4) and decreased in depth, ranging from to 0.81 to 1.90 m (Figures 31 and 32).
Using all elevational data collected in the study area, average channel-depth in the three
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primary channels was calculated at 2.26 m. Channel width o f  these channels ranged 
from approximately 30 to 10 m (Figure 4).
Downstream Variability of Clasts
A total o f  1,717 clasts were measured throughout the study area at regular 
intervals (10 m). The five largest boulders at each data point were measured and the 
average maximum clast-size calculated. Descriptive statistics performed on maximum 
and average maximum clast-size measurements are provided in Table 1. The Table 
provides the mean value (Mean), standard deviation (SD), number o f samples in the 
population (N), 95 %  confidence level (95 %  Conf), and the values around the mean (+ 
and -) for all data points combined, and separated by primary channels and braid 
complexes.
The mean value o f  the average o f  the five largest clasts at each sampling point 
(every 10 m) within the entire study area was 0.91 m; the mean value o f the maximum 
clasts (i.e., one at each sampling point) was 1.16 m (Table 1). Comparison o f  all data 
collected on the channel beds o f  the primary channels versus bar surfaces in the three 
braid complexes indicates that there was no significant difference in average-maximum 
and maximum clast size (Table 1) between the channels and bar surfaces. However, the 
clasts in the primary channels showed a greater variability around the mean (Table 1).
Average maximum clast-sizes were plotted against their distance downstream in 
each o f the primary channels and braid complexes to assess potential downstream 
variability. The clast-size data collected during the field investigation were divided 
according to their primaiy morphology classification (i.e., primary channels and braid 
complexes) and sorted relative to their geographical location in the study area in a 
downstream direction along the longitudinal profile o f the abandoned channel reach.
Linear regression analyses were performed to  evaluate the potential change in average 
maximum clast-size versus distance downstream for each primary channel and major
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Table 1: Descriptive clast-size statistics by major morphologies.
Average Maximum Clast-Size (m) Maximum Clast Size (m)
Mean
St
Dev N
95%
Conf + Mean
St
Dev N
95%
Conf +
Primary Channels and Braid Complexes
a-axis 0.91 0.29 346 0.03 0.88 0.94 1.16 0.39 356 0.04 1.12 1.20
Primary Channels
a-axis 0.86 0.35 89 0.07 0.79 0.93 1.15 0.50 94 0.10 1.05 1.25
Braid Complexes
a-axis 0.93 0.27 257 0.03 0.90 0.96 1.16 0.35 262 0.04 1.12 1.20
Individual bar
a-axis
b-axis
c-axis
0.82
0.58
0.42
0.21
0.18
0.13
292
292
292
0.02
0.02
0.01
0.80
0.56
0.40
0.84
0.60
0.43
1.04
0.72
0.50
0.31
0.16
0.16
29
29
27
0.11
0.06
0.06
0.93
0.66
0.44
1.15
0.78
0.56
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braid complex. The most downstream 90-m section o f the abandoned channel reach 
was excluded from these analyses because no coarse-grained sediments were present 
within the 3-m radius around the sampling points in this area.
The results o f  these analyses are presented in Figures 34 through 45. Although 
only three primary channels were identified in the abandoned channel reach, two o f  the 
channels branched off and reconnected, at least once, prior to becoming a single channel 
again towards the downstream end o f  the study area (Figure 4). Because transport o f  
sediments could have occurred through any combination o f  these bifurcating channels, 
analysis o f  downstream variation for the channels was conducted along each o f  the 
potential transport paths.
Figures 34 through 40 show the results o f  the regression analyses for the seven 
primary channels that could be a potential conduit for sediments transported through the 
Rio Toro Amarillo. Elevations o f  the channels, relative to the control point (0.0 m) at 
the most upstream end o f  the study area, and overall gradient in each channel, also are 
provided as a general reference. The regression analyses clearly show that there was no 
significant downstream decrease in average maximum clast-size in the channel beds in 
the 600-m length o f  the study area. Although the regression lines for five o f  the primary 
channels show a slight decrease in average maximum clast-size with an increase in 
distance downstream (Figures 34, 36, 37, 38, and 39), the low values o f  the R-squares, 
never exceed 0.037 and indicate a weak relationship between the variables.
In tw o o f  the channels (Figures 35 and 40), an increase in average maximum 
clast-size appears to occur in a downstream direction. When considering the location o f  
the data points around the regression lines in the other five channels, this slight increase 
in average maximum clast-size towards the distal end o f the channel reach, as expressed 
by the regression analyses in Figures 35 and 40, also appears to occur in the other 
channels. It is important to note, however, that the most downstream section o f each o f
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Figure 34; Clast-size and elevational changes along the longitudinal profile o f  the 
western primary channel-east at bifurcation (refer to Figure 4 for 
location).
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Figure 35: Clast-size and elevational changes along the longitudinal profile o f  the
western primary channel-west at bifurcation (refer to Figure 4 for 
location).
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Figure 36: Clast-size and elevational changes along the longitudinal profile o f the
central primary channel-west-east at bifiircation (refer to Figure 4 for 
location).
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Figure 37: Clast-size and elevational changes along the longitudinal profile o f the
central primary chaimel-west-west at bifurcation (refer to Figure 4 for 
location).
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Figure 38: Clast-size and elevational changes along the longitudinal profile o f  the
central primary channel-east-east at bifiircation (refer to Figure 4 for 
location).
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Figure 39: Clast-size and elevational changes along the longitudinal profile o f  the
central primary channel-east-east at bifiircation (refer to Figure 4 for 
location).
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Figure 40; Clast-size and elevational changes along the longitudinal profile o f  the 
eastern primary channel (refer to Figure 4 for location).
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Figure 41: Clast-size and elevational changes along the longitudinal profile o f  the
primary channels in the abandoned channel reach.
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the channel profiles in Figures 34 through 40 represent the area where all channels 
rejoined to form a single channel before it reached the current (1984-1985) active 
channel (Figure 4). Consequently, this section is represented in all channel profiles, 
albeit at different distances downstream. As expected, downstream clast-size variability 
in all channel beds, regardless o f  the specific channel, show a similar correlation, 
including the presence o f  large clasts at the very downstream end o f  the channel reach 
(Figure 41). The results o f the regression analyses o f  the channel beds suggest that the 
relation between average maximum clast-size and longitudinal distance in these channels 
is minimal, at best.
The results o f  the regression analyses o f  average maximum clast-size versus 
distance downstream for the three braid complexes identified in the study area (Figure 
4) are presented in Figures 42 through 44. Figure 45 shows the results o f this 
regression analysis for all clast-size data collected on the bar surfaces, regardless o f  the 
braid complex. Because several sample locations could occur at any given distance 
along the longitudinal profile o f the braid complexes, the clast-size values used in this 
analysis consisted o f  the average o f all clast-size measurements across the bar surfaces 
at a given distance downstream. Average elevation across the braid complexes is 
indicated as a reference for the overall topography o f the three braid complexes (Figures 
42 through 44) and also is relative to the control point (0.0 m) at the most upstream end 
o f  the study area.
The higher R-square values for the regressions between average maximum clast- 
size and distance downstream for the braid-complex data (Figures 42 through 45) 
suggest somewhat o f  a better correlation than that found for the clast-size 
measurements in the primary channels. However, the R-square values are still 
considerably low (maximum o f 0.17) and reflect the large degree o f scatter o f  the data 
points around the regression lines. Consequently, the trend reflected by the regression
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Figure 43: Clast-size and elevational changes along the longitudinal profile o f
braid complex 2 (refer to Figure 4 for location).
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Figure 44: Clast-size and elevational changes along the longitudinal profile o f
braid complex 3 (refer to Figure 4 for location).
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Figure 45: Clast-size changes along the longitudinal profile o f the braid complexes
in the abandoned channel reach.
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equation does not necessarily represent an absolute downstream decrease in average 
maximum clast-size on the bar surfaces in the braid complexes.
Clast-size measurements collected on the individual bar in the abandoned 
channel reach (Figures 3 and 4) were analyzed for variability along the longitudinal 
profile o f  the bar. The bar selected for detailed data-collection was located within braid 
complex 2, its proximal end about 120 m downstream fi"om where the abandoned 
channel had been cut-off fi’om the current (1984-1985) active channel (Figure 4). To 
the west the bar was bound by the central primary channel, its eastern boundary defined 
by a well-developed secondary channel within braid complex 2. The bar, approximately 
70 by 25 m, was devoid o f  vegetation and no logs were present.
The morphology o f  the bar is shown in Figure 5. The topographical profile o f 
the bar, derived from the elevational measurements taken at 7-m intervals, is presented 
in Figures 46 and 47. The most upstream portion o f  the bar consisted o f  a 7-m-long 
low and level area with large boulders (in excess o f  1.0 m) and small quantities o f  sand 
(Figures 5, 46, and 47). The subsequent 14 m o f the bar surface were formed by an 
openwork, boulder-dominated accumulation o f clasts through which the bar surface 
gradually increased in elevation towards the highest point on the bar surface (-0.60 m). 
Downstream from this point, the elevation decreased rapidly towards the distal area o f 
the bar (Figure 46). The maximum elevational difference between the most proximal 
and distal point o f  the bar was 3.67 m upstream; the average overall gradient was 0.051 
m/m. The elevational difference between the highest point on the bar and the adjoining 
primary channel was 3.72 m.
The a-, b-, and c- axes o f the ten largest clasts at each o f the sampling points on 
the individual bar were measured to determine the maximum and average-maximum 
clast-size and clast-shape (Sneed and Folk 1958). Descriptive statistics o f  the clast-size 
measurements collected on the bar surface, including the b- and c-axes, are provided in
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Figure 46; Elevational changes along the longitudinal profile o f  individual bar 
(refer to Figures 3 and 4 for location and Figure 5 for morphology).
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Figure 47; Cross sections on the individual bar at various distances downstream 
(refer to Figures 3 and 4 for location and Figure 5 for morphology).
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Table I. O f the total o f  292 clasts measured on the bar surface, average maximum 
clast-size was 0.82 m for the a-axis, 0.58 m for the b-axis, and 0.42 m for the c-axis.
The mean value o f  a-axis o f  the maximum clasts was 1.04 m (Table 1). The largest 
clast-size at the upstream end o f the bar surface was 1.53 m, similar to  the clast-size o f 
the adjoining channel-bed. On the downstream end, the maximum clast-size o f  the bar 
surface was 0.88 m versus 1.0 m on the charmel bed.
Figure 48 provides the results o f  the regression analysis that was performed to 
evaluate the relationship between clast-size and distance downstream on the individual 
bar. Average elevation across the bar surface is provided as a reference for the overall 
topography o f  the bar. As indicated in Figure 48, the trend in downstream decrease in 
average maximum clast-size with distance downstream on the individual bar is similar to 
the one observed on the braid complexes (Figures 41 through 44). However, both the 
equation and the R-square value shows somewhat o f  a stronger relationship as 
compared to the regression analyses conducted for the braid complexes. The average 
maximum clast-sizes, descriptive statistics, and the mean elevation along the 
longitudinal profile o f  the bar surface used for the regression analysis in Figure 48 are 
presented in Table 2. The data in this Table furthermore show that a significant change 
in average maximum clast-size occurred along the longitudinal profile o f  the individual 
bar at the point where the mean elevation o f the bar surface started to  decrease (i.e., at 
14 m downstream).
The absence o f  a strong relationship between clast-size and distance 
downstream along the longitudinal profile o f the abandoned channel reach is atypical in 
that, as mentioned previously, coarse gravel-bed rivers normally exhibit a distinct 
downstream decrease in mean grain-size (e.g.. Ore 1964; Church 1972; Gustavson 
1974; Smith 1974; Miall 1978a; Bluck 1982; Church and Jones 1982; Brierley and 
Hickin 1985; Dawson 1988; Ashworth et al. 1992; Paola et al. 1992). This decrease is
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Figure 48: Clast-size and elevational changes along the longitudinal profile o f  the
individual bar (refer to Figures 3 and 4 for location and Figure 5 for 
morphology).
Table 2: Descriptive clast-size (a-axis) statistics and elevation along the 
longitudinal profile o f the individual bar.
L ongitudinal
D istance
(m)
M ean
a-axis
fm)
N
St
Dev
95 %  C onf - + E levation
(m)
0 1.05 10 0.27 0.17 0.89 1.22 -1.26
7 1.19 10 0.21 0.13 1.07 1.32 -1.15
14 0.96 10 0.09 0.05 0.91 1.02 -0.70
21 0.86 30 0.15 0.05 0.81 0.92 -0.95
28 0.79 30 0.14 0.05 0.74 0.84 -1.24
35 0.84 40 0.26 0.08 0.76 0.92 -1.70
42 0.77 40 0.17 0.05 0.72 0.82 -2.13
49 0.75 40 0.18 0.06 0.69 0.81 -2.57
56 0.75 40 0.19 0.06 0.69 0.81 -3.22
63 0.83 20 0.15 0.06 0.77 0.89 -3.51
70 0.70 20 0.14 0.06 0.63 0.76 -4.84
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attributed to a  decline in a river's competence to carry the largest component o f  its 
sediment load and results in horizontal sorting o f  the sediments deposited by the river.
The absence o f  a distinctive decrease in average maximum clast-size along the 
longitudinal profile o f  the primary channels in the study area, therefore, suggests that 
the competence o f the Rio Toro Amarillo to move its largest clasts did not diminish 
within the channels o f the study area (lengths in excess o f  500 m). Horizontal 
stratification in bar deposits resulting from successive accretion during bar formation is 
also not explicitly evident based on the analyses o f  the average maximum clast-sizes on 
the braid complexes (Figures 41 through 44) and the individual bar (Figure 48); the 
latter showing somewhat o f a better relationship.
Because the majority of research on downstream trends in grain-size has been 
performed over long distances (in the order o f kilometers), one potential explanation for 
the absence o f  a decrease in mean clast-size along the longitudinal profile o f  the Rio 
Toro Amarillo study area is the short distance over which clast-size measurements were 
taken in the current investigation. Comparable data in gravel-bed rivers available in the 
literature are scarce. Few studies have measured grain-size variations at the resolution 
undertaken during the current investigation. An exception to this was a study 
conducted by Bluck (1982) who measured maximum grain-size on bar formations at 
approximately 150-m intervals. Based on his measurements, a distinct decrease in 
maximum grain-size occurred in bar deposits over the 700-m reach. Similarly, Laronne 
and Duncan (1992) also measured grain-size variations in a 700-m channel reach o f a 
gravel-bed river and found that the maximum grain-size showed a distinct decrease both 
on bar formations and within the channels. It is important to note, however, that the 
maximum grain-sizes measured by these other researchers was significantly smaller (in 
the order o f  decimeters) as compared to the boulder-size clasts measured in the current 
investigation. This difference, and large size o f the clasts in the Rio Toro Amarillo may
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account for the lack o f  relationship between clast-size and distance downstream over 
short distances.
Nevertheless, the apparent absence o f  a distinct longitudinal decrease in average 
maximum clast-size in the study area raises the question o f the conditions that precluded 
the natural sorting o f  sediments through fluvial processes as observed and documented 
by many researchers (cf. Chapter 2). One possible explanation is the potential influence 
o f clast-shape on the mobility o f  individual clasts. As discussed in Chapter 2, clast- 
shape can dictate the ease or difficulty with which clasts are removed from a given 
location in a channel, and the distance over which they will travel once they have been 
mobilized (e.g., Boothroyd and Ashley 1975; Bluck 1982; Komar and Li 1986; 
Ashworth and Ferguson 1989; Richards and Clifford 1991; Schmidt and Ergenzinger 
1992). Consequently, the lack o f  correlation between average maximum clast-size and 
distance downstream could be affected by the shape o f these clasts.
The potential effects o f clast-shape on the distribution o f the large clasts in the 
study area was evaluated by investigating the occurrence and location o f  clast-shapes on 
the individual bar. As shown in Table 3, the majority o f  the 290 clasts for which all 
three axes were measured, were classified as bladed, compact elongated, compact 
bladed, and elongated. Together these boulders make up over 77 % o f  the total large 
boulders present on the bar surface. The largest clasts, with their average a-axis in 
excess o f  the highest value o f the 95 % confidence-level-range for the entire bar surface 
(0.84 m [Table 1]), consisted o f  very elongated (0.90 m), platy (0.86), and elongated 
(0.85 m) boulders (Table 3). However, when comparing average maximum clast-size o f 
the boulders on the individual bar between shapes, no significant difference could be 
noted (Table 3).
The data in Table 2 showed that a significant change in clast-size occurred along 
the longitudinal profile o f  the individual bar at the highest point on the bar surface;
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Table 3: Descriptive clast-size (a-axis) statistics for the clasts on the individual 
bar by clast-shape.
Clast- 
Shape (•)
Mean
a-axis
fm)
N St Dev 95%
Conf -
+
Frequency of 
occurrence 
(%  o f all clasts)
VE 0.90 3 0.19 0.21 0.69 1.12 1.03
P 0.86 15 0.22 0.11 0.75 0.97 5.14
E 0.85 48 0.24 0.07 0.78 0.92 16.44
CB 0.83 49 0.18 0.05 0.78 0.88 16.78
CE 0.81 61 0.24 0.06 0.75 0.87 20.89
B 0.81 68 0.19 0.05 0.76 0.85 23.29
CP 0.81 21 0.20 0.09 0.72 0.89 7.19
VB 0.75 5 0.16 0.14 0.60 0.89 1.71
C 0.73 20 0.14 0.06 0.67 0.79 6.85
(*) Clast shape is calculated after Sneed and Folk (1957)
(see Appendix B for calculations)
VE = Very elongated B = Bladed 
P = Platy CP = Compact Platy 
E = Elongated VB = Very Bladed 
CB = Compact Bladed C = Compact 
CE = Compact Elongated
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upstream from this point, the majority o f  boulder-shapes (70 %) consisted o f  variations 
o f  the compact boulders, i.e., spherical (Table 4). While these boulders were 
predominant in this section o f the bar, their clast-size was relatively small (Table 5). 
Further downstream, where the elevation decreased, clast shapes became increasingly 
more elongated and bladed (Table 4). In addition, boulders that were classified as 
compact were consistently smaller than the average maximum clast-size calculated by 
the 95 %  confidence level (Table 5). The only exception to this trend was the size o f  
the compact boulders at the most distal sampling point on the individual bar where it 
rejoined the primary channel.
According to the literature, elongated clasts are predisposed to easy entrainment 
and transportation, relative to bladed and platy particles (Boothroyd and Ashley 1975;
Bluck 1982; Komar and Li 1986; Ashworth and Ferguson 1989; Schmidt and 
Ergenzinger 1992). However, clasts classified as bladed should be more easily 
entrained and transported than compact or spherical clasts. Assuming equal availability 
o f  clast-shapes o f  equal size, the analyses o f  clast-shape data on the individual bar in the 
Rio Toro Amarillo indicated that, on the average, elongated clasts were deposited at a 
further distance than the other clast-shapes. However, the predominance o f  large-size 
bladed boulders at the downstream end o f  the individual bar seems to suggest that these 
large clasts have a higher degree o f mobility than the compact-shaped boulders. 
Alternatively, because o f their shape, the bladed boulders are probably more prone to 
being stopped when the surface over which they are being transported increases in 
roughness. Once deposited, they can capture other boulders and form 
micromorphological features. In addition, their shape also would be conducive to 
enhancing imbrication, thereby increasing the resistance o f the morphological feature to 
potential destruction (cf. review by Richards and Clifford 1991). In contrast, the 
relative absence o f similar-sized spherical boulders would suggest their preferential
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Table 4: Frequency o f clast-shapes along the longitudinal profile o f  the 
individual bar.
L ongitudinal
D istance
(m)
C last-Shape F ree uency (*) M ean
Elevation
(m )
B
(•/.)
C
(% )
CB
(% )
CE
(% )
C P
(•/.)
E
(% )
P
(% )
VB
(% )
VE
(% )
0 10 10 30 40 10 0 0 0 0 -1.26
7 20 10 20 10 20 10 10 0 0 -1.15
14 10 10 30 10 10 20 10 0 0 -0.70
21 17 7 33 10 10 10 7 3 3 -0.95
28 37 7 13 17 7 10 10 0 0 -1.24
35 18 8 8 35 5 23 5 0 0 -1.70
42 20 8 28 30 0 3 5 5 3 -2.13
49 18 8 18 15 13 20 8 3 0 -2.57
56 33 0 15 23 0 30 0 0 0 -3.22
63 30 5 0 15 20 15 5 5 5 -3.51
70 35 15 0 15 5 30 0 0 0 -4.84
(•) Clast shape is calculated after Sneed and Folk (1957) 
(see Appendix B for calculations)
VE = Very elongated B = Bladed 
P = Platy CP = Compact Platy 
E = Elongated VB = Very Bladed 
CB = Compact Bladed C = Compact 
CE = Compact Elongated
Table 5: Descriptive clast-size (a-axis) statistics by clast-shape along the 
longitudinal profile o f  the individual bar.
Longitudinal
Distance
(m)
Size of C last Shape (*) M ean
a-axis
(m)
B
(m)
C
(m)
CB
(m)
CE
(m)
C P
(m)
E
(m)
P
(m)
VB
(m)
VE
(m)
0 1.32 0.95 0.90 1.07 0.84 1.05
7 1.08 1.09 1.22 1.62 1.11 0.97 1.45 1.19
14 1.15 0.82 0.98 1.00 1.00 0.92 0.90 0.96
21 0.90 0.73 0.87 0.86 0.75 0.93 0.99 0.90 0.80 0.86
28 0.78 0.72 0.83 0.79 0.78 0.90 0.71 0.79
35 0.76 0.73 0.85 0.79 0.79 1.06 0.77 0.84
42 0.84 0.60 0.72 0.78 0.71 0.93 0.70 1.12 0.77
49 0.67 0.68 0.77 0.75 0.81 0.77 0.88 0.53 0.75
56 0.76 0.80 0.69 0.76 0.75
63 0.93 0.61 0.88 0.75 0.81 0.68 0.90 0.79 0.83
70 0.71 0.74 0.56 0.43 0.77 0.70
(*) Clast shape is calculated after Sneed and Pol 
(see Appendix B for calculations)
VE = Very elongated B = 
P = Platy CP = 
E = Elongated VB = 
CB = Compact Bladed C = 
CE = Compact Elongated
c (1957)
Bladed
Compact Platy 
Very Bladed 
Compact
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entrainment and/or transportation. It is important to emphasize, however, that this 
hypothesis is speculative and, in the absence o f direct observation, can not be 
substantiated with the available data. Furthermore, a basic assumption was applied to 
develop this hypothesis, i.e., equal availability o f  equal clast-sizes for each o f  the clast 
shapes.
Another possible explanation for the lack o f a distinct decrease in average 
maximum clast-size along the longitudinal profile o f  the abandoned channel reach could 
be related to the gradient or slope o f the channel beds. As discussed in Chapter 2, the 
association o f  largest particles o f a given bedload with the steeper gradients along a 
longitudinal profile (Fahnestock 1969) has been noted in rivers associated with alluvial 
fans (cf. Boothroyd and Ashley 1975; Blair and McPherson), including the Rio Toro 
Amarillo (Kesel 1985; Kesel and Lowe 1987). Consequently, the lack o f spatial 
variability o f  the maximum clast-sizes could be controlled by the gradient o f the 
abandoned channel reach.
Gradient
Successive gradients were calculated from the elevation measurements taken 
along the channel beds and on the braid complexes. As indicated in Table 6, channel 
slopes varied substantially throughout the study area with positive gradients as high as
0.063 m/m and as low as 0.010 m/m. In addition, reverse gradients o f  channel beds,
1.e., where the upstream portion o f the channel bed was lower than downstream portion, 
were also present on the channel beds and ranged from -0.002 to -0.048 m/m. Low 
gradients generally occurred at or immediately before bifurcations and at the confluence 
o f  channels. Channel reaches characterized by steep gradients occurred along the 
central portions o f  bar formations and towards the distal portion o f the study area where 
the abandoned channel rejoined the active channel. Steep gradients were also 
associated with micromorphological features, as were reverse gradients. This
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
109
Table 6: Gradients in the primary channels, on the braid complexes, and on the 
individual bar.
P rim ary  C hannels
All G rad ien ts Positive <Gradients R everse G rad ien ts
(m/m) (degrees) (m/m) (degrees) (m/m) (degrees)
M aximum 0.063 3.63 0.063 3.63 -0.002 -0.14
M inim um -0.048 -2.75 0.010 0.57 -0.048 -2.75
M ean 0.026 1.48 0.033 1.90 -0.020 -1.17
Standard Deviation 0.024 1.39 0.015 0.86 0.020 1.16
B raid  Complexes
All G rad ien ts Positive G rad ien ts Reverse G rad ien ts
(m/m) (degrees) (m/m) (degrees) (m/m) (degrees)
M aximum 0.197 11.29 0.197 11.29 -0.002 -0.11
M inim um -0.048 -2.75 0.000 0.00 -0.048 -2.75
M ean 0.036 2.08 0.053 3.06 -0.018 -1.01
Standard Deviation 0.050 2.85 0.045 2.58 0.016 0.93
Individual B a r
All G rad ien ts Positive G rad ien ts R everse G rad ien ts
(m/m) (degrees) (m/m) (degrees) (m/m) (degrees)
M aximum 0.213 12.20 0.213 12.20 -0.014 -0.82
M inimum -0.064 -3.68 0.024 1.39 -0.064 -3.68
Mean 0.064 3.67 0.077 4.42 -0.031 -1.80
Standard Deviation 0.055 3.16 0.044 2.51 0.028 1.63
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association will be discussed later in this Chapter in the section on micromorphological 
features.
On the bar surfaces o f  the braid complexes, gradients were more variable and 
ranged from 0.197 to 0.000 m/m; reverse gradients also were calculated to range from 
-0.002 to -0.048 m/m (Table 6). Although the average overall gradient o f  the braid 
complexes (i.e., based on elevations o f  the most proximal and distal points o f  a given 
braid complex) was slightly less (0.030 m/m) than that o f  the channel beds in the 
primary channels (0.033 m/m), the distal portions o f  the individual bars within the 
complexes were generally characterized by a relatively abrupt decrease in elevation and 
had gradients o f up to two times the gradient o f the adjoining channel beds. The latter 
could account for the fact that the mean value o f the positive gradients on the braid 
complexes was higher (0.053 m/m) than that o f the primary chaimels (0.033 m/m). As 
was the case in the primary channels, steep gradients and reverse gradients often 
resulted from the presence o f micromorphological features on the bar surfaces.
When comparing the gradient-measurements in the study area with those 
compiled by Blair and McPherson (1994) for braided gravel-bed rivers and alluvial fan 
environments (cf. Chapter 2), the mean value o f the gradients in the abandoned channel 
reach fall within the lower range o f the gradients that are indicative o f  alluvial fans 
rather than braided gravel-bed rivers. As mentioned previously, Blair and McPherson 
(1994) found that the gradient o f  braided gravel-bed rivers rarely exceeds 0.4° while 
gradients on alluvial fans typically range from 1.5° to 25°. Consequently, the mean 
values o f  the gradients calculated in the current study (Table 6) exceed the lower limit 
of the gradient-range for alluvial fan environments as identified by Blair and McPherson 
(1994).
Even though the abandoned channel reach investigated in the current study is 
located within an alluvial fan environment, the Rio Toro Amarillo also has been
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described as an active fluvial system with a braided channel planform (Kesel 1985; Kesel 
and Lowe 1987; current study). As such, the gradient measurements in the study area 
indicate that for braided gravel-bed rivers associated with alluvial fans, gradients may be 
controlled by the alluvial fan deposits. Gradients in the proximal portion o f  the Rio 
Toro Amarillo fan-deposits had been calculated previously by Kesel (1985) and ranged 
from 0.033 m/m to 0.109 m/m; gradients in the incised channels in this area were noted 
to  range from 0.019 m/m to 0.101 m/m. Although Kesel's (1985) measurements o f  
gradients were aimed at defining the slope o f the Rio Toro Amarillo alluvial-fan- 
deposits and expanded over much larger distances (in the order o f  kilometers) as 
compared to the ones obtained in the current investigation, the gradient values derived 
from the elevation measurements in the 600-m section o f  the study area (Table 6) 
compare remarkably well with Kesel's measurements.
It is important to note, however, that the majority o f  data for gravel-bed rivers 
compiled by Blair and McPherson (1994), consisted o f gradients in rivers that were not 
classified as "coarse" gravel-bed rivers. In contrast, the Rio Toro Amarillo can be 
defined as a coarse, even boulder-dominated, gravel-bed river. The interdependency 
and positive correlation o f river gradient and grain-size as two o f the variables in the 
hydraulic geometry o f river systems has been well documented (cf. Leopold et al.
1964). The relatively higher gradients calculated for the abandoned channel reach Rio 
Toro Amarillo may also be caused by the relatively larger size o f  the sediments.
On a more regional scale, steep gradients can be attributed to the effects o f 
tectonic activity and faulting (cf. reviews by Nilsen 1982; Blair and McPherson 1994).
The latter was suggested as a causal factor for the fact that the Rio Toro Amarillo fan- 
gradients were comparable to  the steep gradients common for fans in arid climates 
(Kesel 1985). Alternatively, the steep gradients in the study area could be affected by 
its setting in a volcanically active region and reflect the characteristics o f  deposits that
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were transported by high-sediment-concentration flows (Church and Jones 1982; Smith 
1991).
To determine the spatial variability o f  the gradients along the longitudinal profile 
o f  the primary channels and braid complexes in the abandoned channel reach, the 
gradient-values were plotted against their distance downstream and linear regression 
analyses were performed on the data (Figures 49 through 52). Because reverse 
gradients generally were associated with micromorphological features on the channel 
beds and bar surfaces, and could potentially bias the analysis, separate linear regression 
analyses were performed for the data sets with and without reverse gradients.
A gradual downstream increase in channel gradient, regardless o f inclusion or 
exclusion o f reverse gradients, is evident from the regression analyses (Figures 49 and 
50). However, the low R-square values indicate a weak relationship between the 
variables. The downstream trend o f braid-complex gradients varies according to the 
inclusion (increase in gradient) or exclusion (decrease in gradient) o f reverse gradients 
and exhibits an even weaker correlation as exhibited by the lower R-square values and 
wide scatter o f the data points around the regression lines (Figures 51 and 52). Because 
reverse gradients are caused primarily by micromorphological features, the regression 
analysis without reverse gradient should be considered more representative o f  the 
overall change in gradient on the bar surfaces o f the braid complexes. As shown in 
Figure 52, the gradients on the braid complexes decreased slightly in a downstream 
direction.
It is important to note, however, that the individual bars within the braid 
complexes showed a distinct increase in gradient along their longitudinal profile. The 
elevation data collected on the individual bar, and analyzed for gradient-variability 
downstream, provide an example o f this relationship. Successive gradients along the 
longitudinal profile o f  the bar were calculated from the elevational measurements and
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Figure 49: Changes in gradient (including reverse gradients) along the longitudinal
profile o f the primary channels in the abandoned channel reach.
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Figure 51 ; Changes in gradient (including reverse gradients) along the longitudinal 
profile o f  the braid complexes in the abandoned channel reach.
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are summarized in Table 6 and Figures 53 and 54. As indicated in Table 6, the values o f 
the gradients on the individual bar were generally within the range o f  those calculated 
for the braid complexes. Positive gradients varied from 0.213 m/m to 0.024 m/m with 
an average value o f  0.044 m/m (Table 6). The mean value o f the reverse gradients was 
calculated at -0.031 m/m and ranged from -0.014 to  -0.064 m/m.
However, in contrast to  the trend observed on the braid complexes, the 
gradients on this individual bar showed a strong downstream increase in gradient, 
regardless o f  the inclusion or exclusion o f reverse gradients (Figures 53 and 54). As 
such, the trend in downstream gradient on the individual bar reflects the morphology o f 
a typical braid bar where progressive deposition in the lee o f an initial deposit will result 
in the development o f a bar (Smith 1974). In addition, this increase in gradient 
downstream can be attributed to  the presence o f micromorphological features on the bar 
surface. The latter were responsible for topographical variations on the bar surface 
which enhanced the elevational differences along the longitudinal profile o f  the bar 
surface and resulted in the high mean value o f  0.077 m/m and -0.064 m for the positive 
and reverse gradients calculated on the bar (Table 6). The individual gradient data 
points in Figures 53 and 54 further demonstrate that the individual bars within the braid 
complexes generally were characterized by a relatively abrupt decrease in elevation, at 
the distal portion o f  bar.
The lack o f a distinct o r significant downstream decrease in gradient in the 
abandoned channel reach does not reflect what one would normally expect in fluvial 
systems where gradients tend to  decrease along the longitudinal profile o f  a river (cf. 
Chapter 2). When considering the downstream trends in gradient within the study area 
from a geomorphological perspective, the relative downstream increase in gradient in 
the primary channels and gradient-decrease on the braid complexes could be indicative 
o f the fact that the primary channels in the study area become more incised towards the
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distal part o f  the study area (i.e., where they reconnect with the currently active channel 
[1984-1985]) in response to  the change in base level resulting from the recent shift in 
the active channel. This concept o f channel-slope adjustment to a change in base level 
has been well-established in fluvial geomorphology for a number o f  years (cf. Leopold 
et al. 1964). However, the elevational data showed that, at the distal portion o f the 
study area, the primary channel was less incised than the channels in the upstream 
portion (Figures 22 through 33). Consequently, the relative differences in gradient 
between the braid complexes and the primary channels, and the downstream increase in 
gradient in the primary channels in the study area, can not be attributed to increased 
incision o f  the channels.
G radient and O ast-size
In order to evaluate the potential effects o f gradient on the distribution o f  the 
clasts in the study area, the gradients that were calculated from the elevation 
measurements taken along the channel beds and bar surfaces were plotted against their 
corresponding average maximum clast-size in each o f the sections for which the 
gradient was calculated and regression analyses were performed to determine the 
relationship between the two variables (Figures 55 through 58). Separate regression 
analyses were performed for the data sets with and without reverse gradients.
The results o f the regression analyses suggest that the gradient o f  the channel 
bed is unrelated to the average maximum clast-size present in the channels (Figures 55 
and 56). Although the average maximum clast-size increases slightly with steeper 
gradients, this increase is negligent. Conversely, average maximum clast-size on the bar 
surfaces in the braid complexes appears to be inversely related to the gradient o f the 
braid complexes (Figures 57 and 58). In neither case does the presence o f reverse 
gradients result in a major change in the relationship between the average maximum
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Figure 55: Clast-size relative to  gradients (including reverse gradients) within the
primary channels o f  the abandoned channel reach.
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primary channels o f  the abandoned channel reach.
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clast-size and gradient. As shown in Figures 59 and 60, a similar trend is present in the 
data collected on the bar surface o f  the individual bar.
As mentioned previously, a  distinct trend o f  concomitant increase in gradient 
and average maximum clast-size has been documented in the Rio Toro Amarillo 
alluvial-fan-deposits (Kesel and Lowe 1987), other Costa Rican fans (Kesel 1985), and 
alluvial fans and rivers in different environments (e.g., Boothroyd and Ashley 1975;
Blair and McPherson 1995). The results o f  the regression analyses in Figures 56 and 58 
clearly show that this trend was not duplicated in the current study. In contrast, the 
results o f  the current study demonstrated the absence o f an interdependence between 
gradient and average maximum clast-size in the channel beds o f  the primary channels, 
and an inverse relation between gradient and average maximum clast-size for the data 
collected on the bar surfaces. However, the results o f  the current study are not 
necessarily contradictory with the findings o f the other authors. The investigations by 
the other authors focused on the spatial variability o f  maximum clast-size associated 
with fan sediments deposited at various time periods and extending over large areas. In 
contrast, the results presented in the current study are based on data collected in a 
relatively small area which consisted o f  a recently active charmel, and can be considered 
to represent the local conditions in the abandoned channel reach.
Because the gradients in the abandoned charmel reach and their corresponding 
average maximum clast-sizes did not exhibit a strong correlation (Figures 56 and 58), 
gradients can not be identified as the parameter that precluded a distinct longitudinal 
sorting o f the clasts in the study area (Figures 41 and 45). As discussed in Chapter 2, 
the lack o f longitudinal sorting in depositional units, o r concentration o f large clasts at 
the distal end o f  the units, traditionally is associated with high-sediment-concentration 
flows (e.g., Leopold et al. 1964; Stewart et al. 1967; Scott and Gravlee 1968; Miall 
1978a; Ritter 1978; Blatt et al. 1980; Kochel and Johnson 1984; Kesel and Lowe 1987;
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Harvey 1992). Consequently, the argument could be made that the sediments in the 
study area were deposited by high-sediment-concentration flows rather than dilute 
streamflows.
Assuming high-sediment-concentration flows were the primary depositional 
agent, the limited sorting o f average maximum clasts that was evident, primarily, on the 
bar surface in the braid complexes (Figures 42 through 45), could be argued to  be the 
result o f  subsequent reworking by the river during periods o f  sufficient discharge- 
magnitude to reposition these boulders. This reworking o f  the sediments during dilute- 
streamflow conditions also would explain the high degree o f imbrication that occurs in 
the sediments on the surface o f  bar formations (Kesel 1985; Kesel and Lowe 1987; 
observations in the current study [Photograph 7]). However, a closer investigation o f 
longitudinal variations in clast-size indicated a distinct decrease in clast-size along the 
majority o f  the upper part o f  the channel reach; towards the downstream end o f  the 
study area, average maximum clast-size appeared to increase again (Figures 34 through 
41). Consequently, the clast-size data do not necessarily support the concept o f  high- 
sediment-concentration flows as a means o f  explaining the spatial variability o f  clasts in 
the abandoned channel reach.
SEDIMENTQLQGY
Examination o f exposed bar-profiles within the study area indicated that both 
subfacies Gm% and Gm2, previously identified as characteristic o f  recent Rio Toro 
Amarillo fan-deposits (Kesel and Lowe 1987), were present in bar formations along the 
recently abandoned channel. However, Gmi was the predominant subfacies present in 
the bar formations (Photograph 8), while Gm; only was present in the cutbanks o f the 
vegetated islands bordering the study area (Photograph 9). The maximum clast-size o f 
the Gmi subfacies measured in the study area was 3.0 m; the mean clast-size was 
estimated at 0.2 to 0.3 m. In addition to these clast-dominated facies, the sand (S)
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Photograph 7; Imbricated clasts on the bar surfaces in the abandoned channel reach.
Photograph 8: Gmi subfacies in the abandoned channel reach.
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Photograph 9: Gmi and Gmz subfacies in the vegetated bar defining the boundary o f
the abandoned channel reach.
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fades identified by Kesel and Lowe (1987) was also present on the bar surfaces and 
channel beds in the study area.
One additional sedimentary unit could be recognized in the bar deposits within 
the abandoned channel reach, i.e., Gms, massive to crudely stratified cobbles in a sand 
matrix. Sediments in the Gmg subfades consisted o f  predominately moderately sorted 
and imbricated cobble-size clasts with a sand matrix; the matrix-sediments constituting a 
small percentage o f  the sedimentary unit (Photograph 10). Unlike the matrix-supported 
Gm2 subfades, where boulder- and cobble-size clasts make up 40 to 60 % o f the 
sediments (Kesel and Lowe 1987), the Gmg massive to  crudely stratified gravels had a 
larger ratio o f  boulder- and cobble-size clasts (70 to 90 %). Like the Gmi subfacies, 
sediments in the Gm; subfacies were clast-supported. Based on the observations o f  the 
exposed bar-profiles containing this subfades, maximum clasts in this subfacies were 
noted to reach a diameter o f  0.6 m while the mean clast-size was estimated at 0.1 to 0.2 
m. In addition, clast-size often increased upward within a given unit o f the Gms 
subfades.
While subfacies Gm% and Gms were the two primary depositional units observed 
within the exposed profiles o f  the bar formations in the abandoned channel reach, two 
additional aspects o f  the sediments in the study area require mentioning within the 
context o f  describing the sedimentological characteristics. First, within subfacies Gms, 
relatively thin (ranging from 15 to 30 cm) lenses o f finer-grained sediments often were 
present towards the top o f the deposits. These lenses were characterized by a 
predominance o f well-rounded, moderately sorted, pebble-size sediments with a total 
absence o f boulders and cobbles (Photograph 11). Gravel-size material and sand also 
were present within these lenticular deposits.
Secondly, the inverse grading characteristic o f  the cobble-dominated Gm3 
subfacies, generally culminated in a veneer o f large boulders and cobbles on the surface
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Photograph 10: GiH] subfacies in the abandoned channel reach.
Photograph 11 : Example o f pebble-dominated lenticular deposits (Gm*) in subfacies 
Gms in the abandoned channel reach.
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o f the bar formations in which this subfacies occurred (Photograph 12). Maximum 
clast-size in this surface layer was on the order o f  2.0 m with a mean clast-size 
estimated at 0.4 to 0.5 m. Sediments in this layer consisted o f  boulder- and cobble-size 
clasts which were clast-supported, and moderately sorted and imbricated, with a matrix 
o f  sand and gravel; the matrix-sediments constituting a small percentage o f the 
sedimentary unit. Although the thickness o f  this layer was diflRcult to define because o f  
the difiRculties associated with extensive excavations o f  the sediments in the study area, 
the sediments characterized as this veneer-layer were estimated to extend between one 
to several clast-sizes deep; the size o f  the clasts increasing upward. Because the clast- 
sizes o f  these sediments were substantially larger than those present in the Gms 
subfacies, this surface layer o f  boulder- and cobble-size clasts was not considered to be 
part o f  the Gms subfacies. At the same time, the presence o f  a matrix precludes 
associating this surface layer with subfacies Gmi which also occurred on the surface o f  
bar formations in the study area.
Facies o r subfacies are defined as a sedimentary unit, representing a depositional 
environment, which can be distinguished from other units based on unique 
sedimentological characteristics, including sediment type and internal structures. 
Consequently, identification o f a (sub)facies generally involves a depositional unit o f  
sufficient thickness, or depth, to recognize distinct features. Because the fine-grained 
sediments in the lens-like deposits in subfacies Gma were not present in all exposed bar 
profiles with subfacies Gms, and therefore did not conform with the definition o f  
(sub)facies, they were interpreted as localized depositional units, rather than (sub)facies. 
Similarly, the fact that the veneer o f  clast-size sediments was often only one to two 
clasts thick, did not allow for classifying these sediments as a (sub)facies. However, for 
the purpose o f  this discussion, the lens-like deposits in subfacies Gm; and veneer o f
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Photograph 12: Example o f  the veneer o f  sediments defined as Gms in the abandoned 
channel reach.
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clasts described above will be referred to as depositional units Gnu and Gms, 
respectively.
Sediments in the S facies occurred primarily on the more elevated bar surfaces in 
the abandoned channel reach. This facies was also present in the lee o f  individual large 
boulders or accumulations o f  clasts. Because the current study was focused on the 
dynamics o f  boulder-size clasts, only limited investigation o f the S facies was 
conducted. However, their presence or absence was used as an indicator o f  flow 
regimes.
With the exception o f subfacies Gmz, which only occurred in older, vegetated 
bars bordering the abandoned channel reach, the presence or absence o f  subfacies Gmi 
and Gms and depositional unit Gms within a given location in the bar deposits 
depended, in part, on the relative elevations o f  the bars. Exposed bar profiles within the 
study area ranged from approximately 0.7 m, towards the distal end o f  a bar complex, 
to 4.0 m in the most elevated and central portions o f the bars. All three depositional 
units (Gmi, Gms [sometimes including Gm»], and Gms) were generally present in 
exposed bar-profiles where the elevation-difFerence between the bar surface and channel 
bed was greater than approximately 3.0 m (Figure 61). In those areas, the lowest 
exposed sedimentary unit invariably consisted o f openwork, moderately sorted and 
imbricated, clast-supported boulders and cobbles which make up the Gmi subfacies. 
Overlying this sedimentary unit was subfacies Gms often containing a relatively thin 
zone o f  the pebble-dominated sediments (Gnu). Bar surfaces were characterized by the 
Gms depositional unit.
Although the average clast-size in the Gms subfacies and Gms depositional unit 
often increased upward, average clast-size within a single unit o f  Gms- or Gms- 
sediments generally decreased downstream. This decrease was associated with a 
gradual increase in quantity o f  the sand- and gravel-matrix sediments towards the distal
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Figure 61 : Typical facies sequence o f the sediments in the exposed bar profiles o f
the abandoned channel reach.
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end o f  a bar. Bar surfaces classified as Gms, and having relatively large quantities o f  
sand, also were characterized by the presence o f some vegetative cover (less than 5 %) 
and numerous logs scattered over their surface (Photograph 13). Their presence on 
these bar surfaces, in excess o f 3.0 m higher than the adjoining thalweg o f  the primary 
channels, is indicative o f  the minimal water depth that occurs in the abandoned channel 
reach during overbank flows.
While this depositional sequence (i.e., Gm,, Gms [Gnu], Gms, and S [Figure 
61]) was typical in several exposed bar-profiles, the majority o f exposed bar-profiles in 
the study area were in areas where the elevational difiFerence between the bar surface 
and the channel bed was less than 3.0 m. The subfacies sequence in those bar deposits 
consisted o f  Gm, sometimes overlain by Gms sediments; the Gms [Gnu] subfacies was 
consistently absent. Braid complexes characterized by this sequence were typically 
devoid o f  vegetation, indicating more recent exposure to active fluvial processes. In 
addition, sediments o f  Gms, if present, generally contained less sand and gravel relative 
to the equivalent subfacies on the more elevated bars.
The characteristics o f  subfacies Gm, and sediments classified as Gms also can be 
used to describe the sedimentary characteristics o f the charmel beds within the study 
area. Although, as expected, the majority o f  the channel beds consisted o f  openwork, 
clast-supported boulder- and cobble-size sediments (Gm,), fine-grained material, 
including sand, also was present in the channel bed resulting in a Gms classification in 
those areas (Photograph 14). Limited excavations o f the Gms areas in the charmel beds 
again indicated that these finer-grained sediments were present to a depth o f  several 
clast-sizes. The presence or absence o f  Gms in a given reach o f the channel beds or 
within bar deposits appeared to be associated with the occurrence o f  
micromorphological features and the overall location o f the area within the hydrological
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Photograph 13: Logs and vegetation on sediments classified as Gms on a bar surface 
in the abandoned channel reach.
Photograph 14: Example o f  sediments classified as Gms subfacies in a primary 
charmel in the abandoned charmel reach.
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network (e.g., the confluence o f  channels). This association will be discussed later in 
this chapter in the section on micromorphological features.
Q ast-S ize V ariation in Subfacies
To better define the sedimentological characteristics o f  the sedimentary units 
identified in the study area, statistical analyses were performed for the clast-sizes 
measured in the units. Because o f  the sampling constraints associated with the size and 
weight o f  the sediments in the study area, data collection for clast-size was confined to 
surface sediments, i.e., subfacies Gmi and depositional unit Gm;. Descriptive statistics 
performed on maximum and average maximum clast-size measurements by subfacies or 
depositional unit (i.e., Gmi or Gms) and primary morphology are provided in Table 7. 
Because clast-size data collected within the secondary channels o f  the braid complexes 
could be more representative o f  the clast-sizes in the chaimels, separate analysis were 
performed for these data points. Similarly, the preferential arrangement o f  clasts 
associated with micromorphological features could potentially affect the results o f  the 
analysis. Consequently, descriptive statistics were also performed for the primary 
channels and braid complexes exclusive of the data collected at these features. Also 
shown in Table 7 are the descriptive statistics o f  the clast-size measurements for the 
Gmi- subfacies clasts and Gms sediments combined.
Comparison o f  all clast-size measurements taken in subfacies Gm% versus clasts 
in Gms indicated that, based on a confidence interval o f 95 %, the average maximum 
clast-size o f  the Gm% openwork, clast-supported subfacies was larger (0.97 m) and 
better sorted (SD is 0.25) than those o f the Gms sediments (0.81 m and SD is 0.33). 
Clast-size measurements taken in the three primary channels o f  the study area show the 
same trend as exhibited by the total data set with an increased difference between the 
two depositional units; the average maximum clast-size for the Gmi subfacies being 
0.98 m while the sediment clast-size was 0.58 m. In contrast, the average o f  the five
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Table 7: Descriptive clast-size statistics by major and minor morphologies and 
depositional units or subfacies.
D epositional 
U nit o r  
Subfacies
A verage M axim um  C last-Size (m) M axim um  C last Size (m)
M ean
St
Dev N
95%
Conf + M ean
St
Dev N
95%
C onf +
Prim ary Channels and Braid Complexes
G m ,/G m ;
Gm,
Gms
0.91
0.97
0.81
0.29
0.25
0.33
346
218
128
0.03
0.03
0.06
0.88
0.94
0.75
0.94
1.00
0.87
1.16
1.24
1.03
0.39
0.36
0.41
356
225
131
0.04
0.05
0.07
1.12
1.19
0.96
1.20
1.29
1.10
Primary Channels
All Data
0.86
0.98
0.58
0.35
0.27
0.35
89
62
27
0.07
0.07
0.13
0.79
0.91
0.45
0.93
1.05
0.71
1.15
1.31
0.75
0.50
0.43
0.44
94
67
27
0.10
0.10
0.17
1.05
1.21
0.58
1.25
1.41
0.92
Gm,/Gms
Gm,
Gms
All data in  the orimarv chaimels wit lout micromoroholOEical features
73
50
23
0.10
0.11
0.16
1.04
1.16
0.68
1.24
1.38
1.00
Gm,/Gms
Gm,
Gms
0.86
0.97
0.64
0.32
0.28
0.30
73
50
23
0.07
0.08
0.12
0.79
0.89
0.52
0.93
1.05
0.76
1.14
1.27
0.84
0.43
0.39
0.38
Braid Complexes
All Data
0.93
0.97
0.88
0.27
0.25
0.30
257
156
101
0.03
0.04
0.06
0.90
0.93
0.82
0.96
1.01
0.94
1.16
1.20
1.10
0.35
0.32
0.37
262
158
104
0.04
0.05
0.07
1.12
1.15
1.03
1.20
1.25
1.17
Gm,/Gms
Gm,
Gms
All data in  the secondary channels o f  the braid complexes
0.34
0.28
0.42
63
44
19
0.08
0.08
0.19
1.00
1.08
0.73
1.16
1.24
1.11
Gm,/Gms
Gm,
Gms
0.88
0.96
0.68
0.30
0.24
0.34
61
43
18
0.08
0.07
0.16
0.80
0.89
0.52
0.96
1.03
0.84
1.08
1.16
0.92
All data on the bar surfaces o f the braid comolexes
1.19
1.23
1.15
0.34
0.32
0.35
199
114
85
0.05
0.06
0.07
1.14
1.17
1.08
1.24
1.29
1.22
Gm,/Gms
Gm,
Gms
0.96
0.97
0.93
0.27
0.25
0.29
199
114
85
0.04
0.05
0.06
0.92
0.92
0.87
1.00
1.02
0.99
All data on the bar surfaces o f  the braid comolexes without micromorolilolosical features
1.24
1.27
1.26
Gm,/Gms
Gm,
Gms
0.95
0.96
0.93
0.27
0.24
0.30
139
84
55
0.04
0.05
0.08
0.91
0.91
0.85
0.99
1.01
1.01
1.19
1.20 
1.17
0.33
0.31
0.36
141
84
57
0.05
0.07
0.09
1.14
1.13
1.08
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largest clasts in the braid complexes show no significant difference in size between the 
two units (0.97 m for Gm, and 0.88 m for Gms). As indicated in Table 7, the 
descriptive statistics for the maximum clast-sizes at each o f  the sampling points in these 
depositional units demonstrated similar characteristics.
The lack o f differentiation between average maximum clast-sizes o f  the Gm, 
subfacies and Gms sediments on braid complexes became even more apparent when 
clast-size measurements, located within the secondary channels on the braid complexes, 
were excluded from the statistical analyses. Using this data set, an average maximum 
clast size o f  0.93 m was calculated for the Gms sediments and 0.97 m for subfacies 
Gm,. Conversely, the average maximum clast-size o f the sediments measured in the 
secondary channels that dissected the braid complexes showed a significant difference in 
size between the Gm, (0.96 m) and Gms (0.68 m) clasts, similar to the difference in 
clast-size between these depositional units in the three primary channels (0.98 m and 
0.58 m, respectively). However, the mean value o f the maximum clasts in these 
secondary channels do not exhibit a significant difference in size between the Gm, and 
Gms sediments. Descriptive statistics for the primary channels and braid complexes 
without micromorphological features demonstrate that these features did not have a 
significant effect on the results just described.
As discussed previously, maximum and average maximum clast-size o f all the 
clasts measured at regular intervals in the study area, regardless o f  their subfacies- o r 
depositional-unit-association, did not exhibit major differences between the primary 
channels and the braid complexes (Table 1). As shown in Table 7, however, these 
variables did show a significant difference between units for all data collected in the 
abandoned channel reach, whereby maximum and average maximum clast-size in the 
Gm, subfacies were larger than the clasts measured in Gms. This same differentiation 
was present in the primary and secondary channels o f  the abandoned channel reach.
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Conversely, data collected on the braid complexes in the abandoned channel reach did 
not show a significant difiference in maximum and average maximum clast-size between 
these tw o units.
Differences in grain-size between (sub)facies o r depositional units are an integral 
component o f distinguishing between depositional environments and mechanisms (e.g.,
Miall 1978a; Blatt et al. 1980; Ghibaudo 1992; Hickin 1993). Consequently, the 
differences in maximum and average maximum clast-size data for the Gmi and Gmj 
clasts in the study area (Table 7) appear to  indicate that the sediments in these two 
depositional units could have been deposited by two distinct mechanisms o f 
transportation or during different flow-events. However, the lack o f variability for 
maximum and average maximum clast-size between the Gmi subfacies and clasts in Gmj 
on the bar surfaces would indicate that these sediments were deposited under analogous 
flow conditions, capable o f  transporting boulders with an average maximum clast-size 
o f  0.96 m. Deposition o f  the fine-grained sediments that make up the matrix in the 
clast-supported, infilled unit o f (jms on the bar surfaces could have occurred during 
later periods o f high water, filling in the interstices o f  the previously openwork deposits.
The similarity o f  maximum and average maximum clast-size o f  the Gmi 
subfacies in the channel beds (with an average maximum clast-size o f  0.98 m), relative 
to the Gmj and Gmi sediments on the bar surfaces, would indicate that the deposition o f 
the Gmi subfacies could have been concomitant with the deposition o f the clasts that 
form the Gmi subfacies and Gm; depositional units on the bar surfaces o f  the braid 
complexes. The Gm^ sediments in the channel beds, with an average maximum clast- 
size o f  0.58 m, would result from deposition during low-magnitude flood events, 
possibly under the same conditions as when the infilling o f  the fine-grained sediments in 
the Gms clasts on the bar surfaces occurred. The fact that average maximum clast-sizes 
in the secondary channels for the Gmi and Gm; sediments exhibit the same
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characteristics as those described for the primary channels in the abandoned channel 
reach, indicates that the water depth during these low-magnitude events would have 
been sufficient to  carry flow through the more elevated secondary channels. At the 
same time, the lack o f a significant difference between the maximum clasts in the Gm? 
units and Gmi subfacies in the deposits o f the secondary channels indicates that 
transportation o f  the largest clasts was limited during these events.
Also, the absence o f  a distinct relationship between average maximum clast-size 
and distance downstream, discussed in the previous sections o f  this Chapter, appears to 
support the argument that the consistent difference in average maximum clast-size 
between the Gmi subfacies and Gms depositional unit in the channel beds o f  the 
abandoned channel reach, can not be attributed to spatial variability relative to  a 
downstream decrease in clast-size along the longitudinal profile o f the channels. The 
lack o f longitudinal sorting o f  the sediments in the channels could possibly be caused by 
the presence o f  clasts deposited during different flow events.
Environm ents o f Deposition
The sedimentological characteristics o f the subfacies identified in the study area 
and the variations in clast-size among the subfacies or depositional units, discussed 
above, can be used to characterize the depositional environments o f  the sedimentary 
units in the abandoned channel reach. In their study o f Rio Toro Amarillo alluvial-fan- 
deposits, Kesel and Lowe (1987) suggested that Gmz-deposits were associated with 
periods o f  increased fine-grained sediment-supply during which these sediments were 
deposited quickly across existing fan deposits; supply o f  coarse gravels to the Rio Toro 
Amarillo would have been decreased during this period. In contrast, the Gmi subfacies 
was argued to represent periods o f rapid accumulation or reorganization o f  the coarse­
grained sediments which was associated with by-passing or winnowing o f the finer- 
grained sediments (sand and gravel). Transportation and deposition o f  Gmi-subfacies
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sediments, therefore, would have occurred during extreme flood events and periods o f  
normal sediment supply (Kesel and Lowe 1987). Reworking o f  the Gm; deposits also 
would have occurred during flood events under normal sediment-supply conditions.
Considering the interpretation o f depositional environments o f  the Gmi- and 
Gmz- subfacies presented by Kesel and Lowe (1987), the occurrence o f  the Gmi 
subfacies on the vegetated bars which define the boundary o f the study area suggests 
that these bar formations are associated with periods o f  extreme sediment supply during 
which the sediments were spread rapidly over the fan surface. In addition, the presence 
o f  an extensive vegetative cover in these areas (including trees) and the high elevation 
o f  the bars, relative to the majority o f  the study area (up to 10 m higher than the 
channel), indicate that the sediments comprising these vegetated bars were deposited 
quite some time ago.
The similarity in sedimentological characteristics between the subfacies Gmi and 
Gms suggests that these subfacies could have been deposited under similar flow 
conditions. The lesser percentage o f matrix-sediments in the deposits classified as Gms 
within the study area could be attributed to the effects o f more recent flood events 
during which more extensive removal o f the smaller grain-size-fraction occurred. 
Alternatively, these sediments also could have been deposited during more recent 
periods o f high sediment supply to the Rio Toro Amarillo. The higher percentage o f 
boulders and cobbles in the Gms subfacies (as compared to the Gmi) simply indicating 
that the supply o f  fine-grained sediments was less as compared to the period when the 
Gmi subfacies was deposited. The latter would also account for the fact that the 
sediments in this subfacies were clast-supported rather than matrix-supported. 
Furthermore, this subfacies was characterized by reverse grading which has been 
identified as a characteristic o f high-sediment-concentration-flow-deposits in coarse 
gravel-bed rivers (e.g., Stewart et al. 1967; Scott and Gravlee 1968; Johnson 1970;
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Fisher 1971; Miall 1978a; Blatt et al. 1980; Costa and Jarret 1981; Nilsen 1982; Kochel 
and Johnson 1984; Kesel 1985; Ashida 1987).
The lenses o f  pebble-size sediments (Gnu) within subfacies Gms in the study 
area are interpreted as being localized deposits, or anomalies within the deposits o f 
these high-sediment concentration-flows, rather than a subfacies. However, the small 
size o f the study area makes it difficult to assess the areal extent o f  these lenticular 
features in the deposits o f the Rio Toro Amarillo. If these pebble-dominated deposits 
would be more within the river sediments, these sediments could be interpreted as a 
subfacies having been deposited under flow conditions during which the competence o f 
the Rio Toro Amarillo was sufficient to erode and transport pebble-size material from 
upstream reaches, and deposit them on the pre-existing bar surfaces. The fact that these 
Gnu sediments consistently occurred towards the top o f  subfacies Gms further enables 
this interpretation. Assuming that the Gnu sediments are a subfacies, the absence o f  
larger grain-sizes in these deposits suggests that the river's capacity to transport cobble 
and boulder-size material would not have been attained during the hydrological 
conditions producing the Gnu deposits. At the same time, the relative thinness o f the 
Gnu deposits implies that the conditions under which these depositional units would 
have developed had a relatively short duration.
Interpretation o f  the depositional environment associated with the Gmi subfacies 
presented by Kesel and Lowe (1987) was substantiated by the field observations 
conducted in the current study. Within the abandoned channel reach, sediments 
classified as subfacies Gm% were present in the lowest section o f the exposed bar 
profiles in the relatively high braid-complexes, and often constituted the entire profile in 
the bar formations o f the lower braid complexes. The relative large size and high 
percentage o f  coarse-grained sediments (clasts) in the Gmi-deposits suggests that the 
Rio Toro Amarillo was competent to carry finer-grained sediments through the system
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at the time o f deposition. In addition, bar surfaces characterized by this sedimentary 
subfacies occurred at relatively low elevations and were consistently devoid o f 
vegetation, indicating that these areas had been recently subjected to  fluvial activity. 
Further support for correlating the presence o f  this subfacies with by-passing or 
winnowing o f the finer-grained sediments can be found in the occurrence o f this 
subfacies in channel beds, which are typically associated with high-energy environments.
It is important to emphasize, however, that the predominance o f  boulder- and 
cobble-size sediments in the Gmi subfacies is not only associated with potential 
selective removal o f  finer-grained sediments, but also with reworking o f  the large clasts 
present in these deposits. The most notable evidence suggesting transportation or 
reworking o f  boulder-size sediments in these deposits was found in the upstream 
portion o f  the study area. As mentioned previously, the area where the active channel 
was diverted to its new location consisted o f  a wall o f  openwork, clast-supported 
boulders and cobbles up to 2.0 m in diameter (Photograph 4). Because these clasts 
were absent during the field survey conducted in 1983-1984, their presence during the 
1984-1985 survey could only be attributed to recent transportation and deposition, 
rather than resulting from in-situ erosional processes.
The sediments in the Gms depositional unit represent, at least to some degree, 
the 1984-1985 conditions in the study area. The presence o f  the predominately large- 
size material on the bar surfaces (comparable to the clasts o f  the Gmi subfacies), 
suggests that the clast in the Gms deposits and Gmi subfacies were deposited under 
relatively similar flow conditions. Because the study area consisted o f a recently 
abandoned channel, and the Gms depositional units occurred primarily on bar surfaces 
which are located at relatively higher elevations above the channel bed, the presence o f 
the sand- and gravel-size sediments in these clast-supported deposits is most likely the 
result o f overbank processes during low-magnitude flood events during which
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reworking o f  boulders and cobbles is probably minimal. Although the sand-sized 
sediments associated with Gms in the study area were not analyzed for grain-size, 
limited examination o f the sedimentary structures o f  these deposits on the lower bar 
surfaces (Photograph 15) and channel beds suggests that some o f these fine-grained 
deposits are representative o f  flood-channel sands as identified by Kesel and Lowe 
(1987). In contrast, the clasts in this subfacies, with an average maximum size within 
the range o f  the Gmi subfacies, were probably deposited prior to the finer-grained 
sediments.
The majority o f  the matrix-sediments in the clast-supported boulders and 
cobbles o f  the Gms sediments in the braid complexes consequently can be attributed to 
the infilling o f  the interstitial voids. As the void-space between the boulders and 
cobbles is considerable, this infilling can occur fairly easily and the finer-grained 
sediments become trapped within the surface layers o f  the deposits. The coarsening 
upwards o f  the Gm$ clasts would limit the depth o f  infiltration o f the fine-grained 
sediments to  the surface layers (Frostick et al. 1984), thereby maintaining the existence 
and characteristics o f the openwork, clast-supported, and underlying Gmi subfacies.
Deposition o f the Gms clasts in the primary and secondary channels o f the study 
area most likely occurred under different flow conditions as those associated with 
deposition o f  the clasts in this depositional unit on the bar surfaces in the braid 
complexes. The significantly smaller average maximum clast-sizes in the Gms sediments 
in the channels, as compared to those on the bar surfaces o f  the braid complexes (Table 
7), suggests that the Gms-clasts in the channels were deposited during lower-magnitude 
flood events. Deposition o f these clasts and associated gravels and sands possibly 
occurred under the same conditions as when the infilling o f the fine-grained sediments in 
the Gms deposits on the bar surfaces occurred.
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Photograph 15: Sedimentary structures in facies S in the abandoned channel reach.
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The existence o f the Gmj sediments in the study area can be described as 
transient and interpreted as a transitional phase between the conditions associated with 
the deposition o f  the Gmi and Gms subfacies. Transition o f Gms depositional unit to  
the Gmi subfacies would occur during an extreme flood event under normal conditions 
o f  fine-grained sediment-supply, resulting in the reworking o f the boulders and cobbles 
in Gms. This reworking o f the clast-size sediments would result in the destruction o f  
the surface layer o f  Gms sediments, removal o f  the fine-grained sediments in the 
interstitial voids, and development o f  deposits similar to the Gmi subfacies. 
Alternatively, transition o f the Gms depositional unit to the Gms subfacies would occur 
during a new phase o f extreme supplies o f  fine-grained sediments. Under these 
conditions, the Gms deposits would be overlain be a new sedimentary unit o f  clast- 
supported and matrix-infilled sediments (Gms), hiding the existence o f  a Gms 
depositional unit. Consequently, the thickness o f  a Gms subfacies would partly be 
dictated by the time between events o f  extreme supplies o f fine-grained sediments (i.e., 
periods o f accumulation o f Gms sediments) and the ability o f the river to remove the 
Gms clasts o r fine-grained sediments in this unit at any given time (i.e., period o f  
erosion).
FLOW CONDITIONS 
H ydraulic Geom etry
The measurements o f channel depths, widths, and gradients, and the clast-size 
data collected in the study area, were used to estimate the flow conditions that 
potentially occurred in the abandoned channel reach prior to avulsion. Using the 
Manning equation, both discharge and flow velocities were estimated for: (1) the overall 
average geometiy o f  the abandoned channel reach in the study area, (2) the average 
geometry along the entire width o f the reach at each o f the locations at which cross 
sections were calculated (Figures 22 through 30), and (3) the geometry o f  each o f  the
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primary channels at these cross sections. The roughness coefficient was assumed to be 
0.05 (Ritter 1978; Blair and McPherson 1994). The results o f  these calculations are 
presented in Table 8 according to the distance along the longitudinal profile o f  the 
abandoned channel reach (distances corresponding to the cross sections in Figures 22 
through 30) and according to the primary channel in which these variables were 
calculated.
Both velocity- and discharge-values showed a great degree o f  variability relative 
to  the average width, depth, and gradient o f  the abandoned channel reach and the 
channel geometry o f  the primary chaimels at various distances downstream (Table 8). 
However, both variables showed a general increase with distance downstream. Within 
the extent o f the entire abandoned chatmel reach, discharges were estimated as low as 
170.2 mVs and as high as 2,299.7 mVs; flow velocities ranged between 0.98 and 2.10 
m/s. Discharge values within the individual primary channels o f the abandoned channel 
reach were slightly less, ranging from 24.43 and 1,423 mVs. The corresponding flow 
velocities ranged between 0.62 and 2.69 m/s. Calculation o f these two variables for the 
average channel geometry (i.e., channel width o f  150 m and channel depth o f  2.26 m) 
throughout the abandoned channel reach yielded an average discharge o f 1,981 m^/s and 
velocity o f 1.79 m/s (Table 8).
The velocity-estimates obtained from these calculations (Table 8) compare well 
with the average velocity o f  1.4 m/s that was measured by Kesel (1985) during his field 
investigations in 1983. However, the discharge magnitudes for the average flow 
conditions in the abandoned channel reach are more representative o f  the flood- 
discharge (1,950 mVs) than the average flow (29 m^/s) as estimated by Kesel (1985). In 
order to obtain an estimate o f the extreme flow conditions for a flood event that could 
have been accommodated by the channel geometry o f  the abandoned channel reach, a 
maximum discharge and velocity were calculated based on a maximum width o f  180 m
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Table 8: Estimation o f discharge and flow velocities for various locations in the 
study area based on channel geometry.
D istance D epth W idth G rad ien t M ann ing D ischarge Velocity
D ow nstrea (m) (m) (m/m) C oefficient m^/s m /s
E stim ates fo r th e  e n tire  w idth  o f th e  abandoned  channel
Based on average channel den th and width and using the M anning aguation
Average 2.26 150 0.031 0.050 1,981 1.79
50 m 0.82 65 0.035 0.050 170.2 0.98
80 m 1.30 145 0.032 0.050 787.8 1.28
110 m 1.45 160 0.037 0.050 1.118.5 1.47
140 m 2.06 180 0.019 0.050 1.598.1 1.32
190 m 1.58 180 0.030 0.050 1,312.7 1.41
230 m 1.46 145 0.024 0.050 824.1 1.19
260 m 2.46 135 0.022 0.050 1.712.0 1.57
300 m 1.94 155 0.041 0.050 1.820.9 1.86
380 m 2.48 135 0.038 0.050 2,299.7 2.10
Estim ates fo r each p r im a ry  channel
Based on channel denth and width o f nrimarv chaimels an d  using the M anning eouation
W estern channel
110 1.50 10 0.060 0.050 80.09 1.63
140 1.20 10 0.011 0.050 24.43 0.62
190 2.63 20 0.025 0.050 267.68 1.56
230 3.14 30 0.025 0.050 554.53 1.80
Central C hannel
50 2.77 30 0.035 0.050 540.14 1.99
80 1.77 30 0.032 0.050 255.14 1.47
110 2.20 55 0.040 0.050 767.66 1.94
140 2.83 40 0.010 0.050 408.79 1.10
190 3.05 35 0.035 0.050 743.71 2.13
230 3.11 35 0.037 0.050 788.27 2.21
260 4.23 25 0.014 0.050 530.39 1.53
300 2.80 40 0.037 0.050 773.21 2.11
380 3.08 50 0.038 0.050 1158.69 2.30
Eastern Chaimel
110 2.19 15 0.010 0.050 92.30 0.86
140 3.62 15 0.035 0.050 363.17 2.04
190 3.70 15 0.031 0.050 352.74 1.94
230 2.90 50 0.010 0.050 540.14 1.14
260 3.40 40 0.029 0.050 928.80 2.09
300 3.60 45 0.044 0.050 1423.22 2.69
Based on m axim um  observed channel deoth and width an d  using the M anning Eouation
Average lo .ool 180 0.031| 0.050 26,802 4.55
Based on a  chaimel deoth o f  12.5 m. maximum observed w idth, and using the M anning Eouation
Average 12.50| 180 0.031 0.050 38,191 5.19
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and the maximum elevational difiference o f  10 m between the channels in the study area 
and the bordering vegetated bars (Table 8). Using these parameters in the Manning 
equation, a  discharge o f 26,802 mVs and velocity o f 4.55 m/s were obtained (Table 8).
The average discharge (1,981 mVs) and potential maximum flood discharge 
(26,802 mVs) calculated in the current investigation and the flood-discharge-estimate 
presented by Kesel (1,950 mVs) are much higher than the magnitude o f the largest 
recorded flood-discharge for the Rio Toro Amarillo (792 mVs). The discrepancy in 
magnitude between measured and estimated extreme discharges limits the confidence 
with which the measured values can be used for assessing the competence of the Rio 
Toro Amarillo. However, the short record on which this measured maximum discharge 
is based does not account for the potential occurrence o f  unrecorded flash-floods which 
could be far in excess o f the maximum measured value.
As discussed in Chapter 4, Kesel (1985) also provided a velocity-estimate for a 
pre-1983 flood event (8 m/s) using the average diameter o f  ten large clasts (2.5 m) 
within a section o f the active Rio Toro Amarillo channel. The average clast-size o f the 
ten largest clasts in the study area was calculated at 2.22 m and, consequently, provided 
an analogous velocity-value (7.67 m/s [Table 9]). Similar calculations were performed 
for the maximum, average maximum, and mean clast-size for each o f the depositional 
units or subfacies that occurred within the recently inactive portion o f  the abandoned 
channel reach (Table 9). For the Gmi and Gms clasts, flow conditions were also 
estimated based on the average maximum clast-size data measured in the field and 
according to  their occurrence on the braid complexes or within the primary channels.
As indicated in Table 9, flow velocities for the Gm% and Gms clasts, based on 
absolute maximum clast-size, were substantially higher (8.88 m/s and 7.29 m/s, 
respectively) than the estimated velocity associated with the deposition o f the Gms 
subfacies (4.06 m/s). When estimating potential flow conditions for the average
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Table 9: Estimation o f flow velocities in the study area based on clast-size.
D epositional 
U n it o r  Subfacies
Velocity
m/s
C last-S ize
(m)
Based on m axim um  clast-size o f  ten largest clasts falter Costa 119831)
2.22Average 7.67
Based on clast-size falter Costa 1198311
M axim um  Clast-size
Gm% M axim um 8.88 3.00
Gma M aximum 4.06 0.60
Gms M aximum 7.29 2.00
Average M aximum Clast-size
Gmi 5.13 0.97
Gms 4.70 0.81
Gmi on braid complexes 5.13 0.97
Gmi in  primary channels 5.15 0.98
Gms on braid complexes 4.89 0.88
Gms in  primary chaimels 3.99 0.58
M ean Clast-size
Gmi Average 0.86 0.03
Gms Average 0.67 0.02
Gms Average 1.15 0.05
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maximum clast-sizes o f the Gmi subfacies and Gms deposits, and relative to their 
occurrence in the primary channels or on the braid complexes, all flow-velocity-values 
for the Gmi subfacies were higher as compared to the estimates for the clasts in Gms 
(Table 9). Estimated flow conditions based on mean-clast size show the highest 
velocity for the Gms clasts; estimation o f  this variable for the Gmi subfacies being 
higher than for the Gms subfacies (Table 9).
Assuming that the maximum velocity in the abandoned channel did not exceed 
4.55 m/s (Table 8), the Gms subfacies and Gms deposits in the primary channels were 
the only two sedimentary units for which the maximum and average maximum clast- 
measurements yielded estimated flow conditions that could be considered feasible for 
the study area (Table 9). Flow velocities for these sedimentary units were 4.06 m/s for 
the Gms subfacies and 3.99 m/s for the Gms clasts in the primary channels (Table 9). 
Furthermore, the difference in estimated flow conditions between the Gms-clasts in the 
primary channels, versus those obtained for the Gms- and Gmi-clasts on the braid 
complexes and the Gmi-clasts in the primary channels, further supports that the 
presence o f the matrix-sediments in the Gms deposits on the bar surfaces o f  the braid 
complexes is most likely due to infilling o f fine-grained sediments after the clasts in this 
subfacies had been deposited (Table 9).
The inconsistencies in measured and estimated discharges and velocities 
presented in Tables 8 and 9 make it difficult to infer reliable conclusions regarding the 
flow conditions in the abandoned channel reach o f the Rio Toro Amarillo. However, 
considering the size o f  the clasts in the study area, the magnitude o f  flows required to 
transport this material must be great. Assuming that discharge and velocity can be 
estimated fi-om the field measurements obtained in the current investigation, the 
abandoned channel reach would have had the capacity to accommodate a maximum 
flood discharge o f  26,802 mVs; velocities during these conditions could have been in the
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order o f  4.55 m/s. Based on these assumptions, the clasts o f  the Gms subfacies and 
Gms deposits in the channel beds could have been deposited during these flow 
conditions. Clearly, finer-grained sediments such as the matrix-sediments in the Gms 
deposits on the braid complexes also could have been deposited at lower discharges and 
velocities. In contrast, the estimated flow conditions for the average maximum clast- 
sizes in the other subfacies suggests that the flow conditions required to transport this 
material did not occur in the study area.
It is important to note, however, that this deduction assumes that the geometry 
o f the abandoned channel reach, for which the maximum potential flood discharge and 
velocity was calculated, represents the geometry that existed during the time that the 
study area was occupied by the Rio Toro Amarillo. As discussed previously, the 
occurrence o f the large openwork, clast-supported boulders and cobbles in the upstream 
portion o f  the study area, where the active channel had been diverted to  its new 
location, denotes that avulsion o f  the channel must have been associated with an influx 
o f sediments in the study area. Consequently, the maximum depth o f the abandoned 
channel reach may be underestimated. For example, estimated flow conditions based on 
an increase o f  2.5 m in maximum channel depth results in velocity-values in excess o f  
those calculated for the average maximum clasts in each o f  the subfacies or depositional 
units in the channels and on the braid complexes in the study area (Table 8). However, 
estimated flow conditions associated with this channel depth o f 12.5 m still do not agree 
with the velocity-values that would be required to transport the maximum clasts 
observed in the Gmi and Gms deposits in the study area (Table 9).
Alternatively, other factors could have affected the transport dynamics o f  the 
sediments in the area which are not represented in the equations used to estimate the 
flow conditions. As mentioned previously, the transport dynamics in coarse gravel-bed 
rivers are still largely unknown because o f  the multitude o f variables that may affect the
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entrainment, transportation, and deposition o f  the sediments in these systems. 
Consequently, the flood-discharge and velocity estimates derived from the 
measurements o f  channel depth, width, and gradient in the study area may not reflect 
the flow conditions that occurred in the abandoned channel reach and were responsible 
for the transportation o f  the clasts in the abandoned channel reach. The degree o f 
predictability o f  flow conditions, based on equations such as the ones that were used in 
the current investigation, is generally accepted to be inversely related to the size o f  the 
sediments being considered. The use o f  flow estimates based on channel geometry may 
be questionable for rivers such as the Rio Toro Amarillo, where clasts are often in 
excess o f  2.0 m in diameter.
Types o f Flow
When considering the sedimentological characteristics o f  the Rio Toro Amarillo 
fan sediments as described by Kesel and Lowe (1987), high-sediment-concentration 
flows have been an important component o f  the fan-building processes. Specifically, the 
presence o f  the Gms subfacies in many o f the exposed profiles o f older fan sediments 
suggest that debris flows have contributed to the formation o f the fan complex (Kesel 
and Lowe 1987). However, the absence o f  the Gms subfacies in the more recently 
formed portions o f  the fan, suggests that other types o f flows have contributed to  the 
deposition o f  fan sediments in these areas.
Kesel and Lowe (1987) already noted the presence o f the Gmz subfacies in bar 
formations o f  the active fan which they argued reflected deposition during periods o f 
high sediment-supply o f fine-grained sediments. Based on its characteristics, the Gmz 
subfacies was probably deposited by hyperconcentrated flows. At the same time, Kesel 
and Lowe (1987) also observed another subfacies characterized by large boulders, i.e., 
the Gmi subfacies. These authors argued that the Gmi subfacies represented a period 
of predominately low discharges and low suspended-sediment concentrations, during
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which extreme floods and dilute streamflows resulted in the reworking o f the boulder- 
size clasts. Although the alteration o f high-sediment-concentration flows and dilute 
streamflows in the Rio Toro Amarillo, as suggested by Kesel and Lowe (1987) and 
Smith and Lowe (1991), can be related to different phases o f  alluvial-fan formation, the 
question should be asked whether these high-sediment-concentration flows were still 
active in the Rio Toro Amarillo system two decades after the period o f  high sediment- 
input to  the Rio Toro Amarillo system.
The depositional units observed within the abandoned channel reach were 
considered to represent recent activity within the Rio Toro Amarillo system and should 
therefore reflect the types o f  flows that were responsible for their deposition. The 
absence o f  the Gms subfacies within the study area reinforced the idea that debris flows 
have not been a recent depositional agent within the Rio Toro Amarillo river system.
The Gmz and Gms subfacies both suggest the relatively recent occurrence o f 
hyperconcentrated flows within the area o f  investigation. The relatively higher 
percentage o f boulder and cobbles in the Gms subfacies, as compared to the Gm% 
subfacies, indicates that fine-grained sediments were available to a lesser degree during 
deposition o f this subfacies. As such, the presence o f the Gm% subfacies within the bar 
formations o f the vegetated bars along the perimeter o f the abandoned channel reach, 
and the absence o f  this subfacies in more recently formed deposits within the abandoned 
channel reach, implies a relative decrease in the quantity o f  suspended sediment that was 
available to the Rio Toro Amarillo system between the time the Grriz and Gmg subfacies 
were deposited. At the same time, the presence o f the Gms subfacies suggests that 
hyperconcentrated flows have been a relatively recent and active contributor o f  
sediment transport in the Rio Toro Amarillo, two decades after major volcanic events 
occurred.
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In spite o f  the apparent recent occurrences o f  high-sediment-concentration flows 
within the study area, the potential predominance o f  dilute-streamflow processes 
controlling the active transportation o f boulders can not be ruled out. As mentioned 
previously, the sedimentological characteristics o f  the Gmi subfacies and Gms sediments 
in the study area, indicate that these deposits were most likely associated with dilute- 
streamflow processes; the Gmi subfacies having been previously identified by Kesel and 
Lowe (1987) as deposited under dilute-streamflow conditions. The sediments o f  the 
Gmi subfacies and Gm$ deposits within the recently abandoned chaimel reach suggest 
that these flows are capable o f  transporting boulder-size clasts. Infilling o f fine-grained 
sediments in the clast-supported Gms deposits can be explained by overbank-flow 
events from the existing [1984-1985] active channel after the study area had been 
abandoned.
However, an alternative explanation for the transportation o f  the sediments in 
the Gmi subfacies and Gms deposits also can be offered. Although the deposits o f  these 
two depositional units are characterized by clast-supported boulders and cobbles 
exhibiting various degrees o f  imbrication, indicating a predominance o f  dilute- 
streamflow processes, their formation may still be linked to the occurrence o f 
hyperconcentrated flows. The following presents a potential scenario in which the 
transportation o f  the large boulders in these depositional units would have been 
associated with a type o f high-sediment-concentration flow.
Even though some of the depositional units in the active chaimel contain limited 
quantities o f  fine-grained sediments, the description o f the sedimentology o f the active 
Rio Toro Amarillo system, as provided by Kesel and Lowe (1987) and discussed in the 
current investigation, clearly demonstrates the abundance o f fine-grained sediments in 
deposits o f  the Rio Toro Amarillo fan-complex and river-deposits (S, Gm:, Gms, Giru, 
and Gms). Erosion o f these deposits, through channel shifting or reworking, would
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release the matrix-sediments, locally increase the concentration o f  suspended sediments, 
and potentially result in short-term and/or localized hyperconcentrated-flow conditions.
Such conditions could be created under normal flow conditions and would not 
necessarily require the occurrence o f extreme flood events or an influx o f  suspended 
sediments associated with tectonic or volcanic disturbances. Support for this hypothesis 
can be found in the literature and in the data obtained in the current study.
For example, in a recent study, Laronne and Duncan (1992) monitored bedload 
transport and morphological changes in a channel reach o f a coarse gravel-bed river 
during a series o f flow events. Their investigation confirmed previous suggestions that 
small hydrological events can rework bar formations, but also can induce significant 
changes in the morphology o f  a river. Some o f  the changes that were observed by these 
researchers included channel switching, cut-offs, and avulsions (Laronne and Duncan 
1992). Clearly, such changes involve reworking o f  existing deposits, i.e., destruction o f 
existing morphological features, transportation o f  the released sediments, and renewed 
deposition. The relocation o f  the main active channel o f  the Rio Toro Amarillo in the 
period between the field surveys o f  1983-1984 and 1984-1985, provides evidence that 
such an event occurred. Although the area where the active channel o f  the Rio Toro 
Amarillo was diverted to its new location consisted o f a wall o f  openwork clast- 
supported boulders and cobbles (suggesting transport by dilute streamfiow) these clasts 
could have been moved in a hyperconcentrated flow during which fine-grained 
sediments were able to bypass this location or were removed from the interstices 
between the boulders and cobbles at a later date.
The fact that the Rio Toro Amarillo is currently undergoing degradation (Kesel 
and Lowe 1987) further supports that a continuous release o f  fine-grained sediments 
into the system is potentially occurring. This is especially the case because the Gmz 
subfacies typically was found to occur at the top o f a facies sequence (Kesel and Lowe
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1987). Channel shifting and incision into this subfacies would provide for erosion, 
reworking o f the deposits, and the influx o f  fine-grained sediments into the system.
HISTORY OF DEPOSITION IN THE ABANDONED CHANNEL REACH
The morphology o f the abandoned channel reach, sedimentological 
characteristics o f  the subfacies or depositional units identified in the study area, the 
sequence in which these sedimentary units typically occurred, and the estimated flow 
conditions for the abandoned channel reach, were used to reconstruct the depositional 
history o f the sediments in the study area. The lack o f a distinct o r significant 
downstream decrease in gradient (Figures 49 through 52) and clast-size (Figures 41 and 
45) in the study area and the occurrence o f oversized clasts in the downstream portion 
o f  the channel (Figures 34 through 41) all indicate that the morphology o f  the study 
area is most likely the result o f processes described by Church and Jones (1982). 
Church and Jones (1982) theorized about the effects o f a sudden input o f  sedimentary 
debris in a river system in an attempt to explain the differences and sequences o f  
sedimentation zones in coarse gravel-bed rivers. Based on their observations o f glacial 
outwash rivers, they suggested that a sudden input o f  coarse material into a river reach 
will result in a sedimentation zone whereby the gradient increases downstream. 
Transportation o f  the largest material from these debris-deposits would only occur 
during high-fiow events whereby the clasts are transported to a point where the gradient 
is no longer steep enough to allow for transportation. The new sedimentation zone 
downstream fi’om this initial deposit results in a decrease o f gradient in the upstream 
section and an increase in the downstream section o f  the reach, further enhancing this 
process o f  reworking o f  the sediments (Church and Jones 1982).
Following the model just described, the spatial variability o f  the gradients in the 
study area can be argued to reflect a sudden influx o f  coarse-grained sediments. Based 
on the field observations conducted in the current investigation, the study area is known
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to have been the main active channel until at least January o f  1984. By December o f  
1984, an avulsion at the upstream portion o f  the study area resulted in a shift o f  the 
main channel and the abandonment o f  the study area. This relatively short time-span o f  
less than one year dictates that the clasts in the study area were transported rapidly and 
most likely occurred during an extreme flood event, whether as dilute streamflow or 
high-sediment-concentration flow. In a study on channel adjustments in braided rivers, 
Harvey (1987) also documented the occurrence o f avulsions in a river system which 
resulted ftom a sudden sediment influx associated with a major flood event. According 
to his observations, upstream "plugging" o f  channel reaches and subsequent avulsions 
occurred within short periods o f  time during this flood because o f the large quantities o f 
sediments transported through the river at the time o f the flood.
The relative increase in gradient in the abandoned channel (i.e., from the point 
where the abandoned channel had been cut-off from the active channel to where it 
rejoined the active channel), conforms with the observations by Church and Jones 
(1982) regarding sedimentation zones in coarse gravel-bed rivers resulting from a 
sudden influx o f sediments. The fact that the primary channels in the upstream portion 
o f  the study area were well-defined and increased in depth downstream (Figure 33) 
indicates that this flow event was o f  sufficient duration and magnitude to accommodate 
channel development in this portion o f  the study area in an attempt to regain an 
equilibrium. The decrease in channel depth and steepening o f  the channel slopes in the 
downstream portion o f the study area further indicates that this equilibrium was not 
regained prior to the abandonment o f  the channel. Abandonment o f  the channel must 
have occurred before the channel was able to adjust to the mass o f sediments introduced 
into its flow.
The analyses performed on the clast-size data further support this interpretation.
As indicated in Figures 41 and 45, the average maximum clast-sizes in the study area
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did not exhibit a high degree o f longitudinal sorting. However, the individual data 
points around the regression lines in Figures 34 through 40 showed a distinct decrease 
in clast-size along the majority o f  the upstream portion o f  the primary channels. At the 
downstream end o f the abandoned chaimel reach, the data points around the regression 
line indicated that the average maximum clast-size increased again (Figures 34 through 
40). This downstream portion o f the abandoned channel reach coincided with an area in 
which the majority o f  the sediments in the chaimel were observed to be substantially 
smaller as compared to the more upstream part o f the study area. In addition, the sizes 
o f the five largest clasts that were measured at each o f the sampling points in this area 
were disproportionaly large relative to the surrounding finer-grained sediments 
consisting primarily o f gravels, pebbles, and sand (Photograph 16).
Considering this spatial variability in grain-size within the abandoned channel 
reach, the downstream limit o f that portion o f  the channel that exhibited the decrease in 
average maximum clast-size, probably represents the downstream limit o f  the mass o f 
sediments that was introduced into the channel and which caused the shift o f the active 
channel. Conversely, the portion o f the abandoned channel reach where average 
maximum clast-size increased again, probably represents the area that was not reached 
by the majority o f  the sediments introduced into the channel. While oversized boulders 
were present in this area, the majority o f  the channel-bed-sediments were probably 
deposited before the active channel was relocated to the w est o f  the study area. At the 
same time, the newly deposited sediments in the upstream portion o f the study area 
most likely provided a source of loosely-packed, large boulders which could be easily 
entrained (Ashworth et al. 1992) and transported towards the downstream end o f  the 
study area. Furthermore, the relatively fine-grained sediments in the most downstream 
portion o f the abandoned channel reach probably provided a "smooth" surface over 
which these large boulders were easily transported.
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Photograph 16: Fine-grained sediments in the downstream portion o f  the abandoned 
channel reach.
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Several studies have demonstrated the preferential transportation o f  large clasts 
in areas where infilling by fine-grained sediments resulted in a smooth channel bed over 
which boulders can be transported more easily (e.g., Simons et al. 1979; Iseya and 
Dceda 1987; Hassan et al. 1992). Consequently, the presence o f individual large clasts 
at the downstream portion o f  the study area, disproportionate to the average clast-size 
in this area, could be attributed to their size, weight, and, therefore, their ability to reach 
a farther distance than the smaller clasts under similar flow conditions by rolling over 
this smooth surface. The scarcity o f  the boulder-size clasts and abundance o f fine­
grained sediments in the most downstream section o f the abandoned channel reach is 
further substantiated by the fact that in the last 90-m section o f  the study area, no 
boulder-size clasts were present around the sampling points.
The occurrence and sequence o f  the subfacies or depositional units that 
occurred within the sediments o f the abandoned channel reach also conform with this 
model. As mentioned previously, a typical facies sequence in the exposed bar profiles 
o f  the more elevated bar formations in the abandoned channel reach consisted o f the 
Gmi subfacies overlain by the Gms [Gnu] subfacies and, finally, sediments classified as 
Gms in this study (Figure 61). In the bar formations o f  the lower braid complexes, the 
Gmi subfacies often constituted the entire profile. Considering this depositional 
sequence and the sedimentological characteristics o f  the deposits, the sediments o f the 
Gms subfacies most likely represent deposits that were present in the study area prior to 
the avulsion o f  the active channel. The influx o f  sediments that "plugged" the upstream 
portion o f  the study area both covered these deposits and filled the channels that existed 
at the time.
The presence o f the pebble-dominated (Gnu) lenticular deposits within the Gms 
subfacies is indicative o f fluctuations in the flow conditions during the deposition o f this 
subfacies. Alternatively, if the Gnu sediments constitute a subfacies, the presence o f
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these sediments overlying the Gms subfacies, at least in some o f  the exposed bar 
profiles, would also indicate that the Gms-deposits were present prior to the extreme 
flow conditions that must have been associated with the influx o f  the large clasts o f  the 
Gms depositional unit which constituted the bar surfaces o f  the more elevated braid 
complexes in the study area. Furthermore, the estimated flow conditions (based on the 
maximum clasts observed in these deposits) indicated that the flows required to 
transport the maximum clasts in these sedimentary units could have occurred within the 
study area (Table 9).
The majority o f  the clasts in the Gmi subfacies and Gms depositional unit within 
the study area most likely represent the sediments that were introduced into the 
abandoned channel reach resulting in the avulsion. Exceptions to this would be the 
clasts in the Gmi subfacies underlying the Gms subfacies (Figure 61) and potentially the 
clasts o f  the Gms depositional unit in the primary and secondary channels in the study 
area. Because o f  their significantly smaller size (Table 7), the latter were more likely 
deposited during subsequent lower-magnitude flows. However, the source o f these 
clasts could potentially be located within the recent deposits, their removal and 
transportation from more upstream locations related to the reworking o f  these deposits.
In addition, some o f  the Gmi-channel-deposits, which are typical in the active channels 
in the Rio Toro Amarillo system (Kesel and Lowe 1987), most likely represent 
sediments that were present during the time the study area constituted the active 
channel o f  the Rio Toro Amarillo. This would especially be the case for the sediments 
that occurred at the downstream end o f  the abandoned channel reach.
MICROMORPHOLOGY IN THE ABANDONED CHANNEL REACH
Examination o f the sequence and characteristics o f the individual subfacies and 
depositional units in the abandoned channel reach contributed to  the identification o f 
potential changes in the hydrological regime and magnitude o f suspended sediment load
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within the Rio Toro Amarillo system. However, identification o f these large-scale 
changes in the deposits do not fully describe the sedimentological characteristics o f the 
sediments in the study area. Field observations conducted as part o f this study, 
indicated that the sediments in the subfacies and depositional units identified were 
characterized by small-scale variations in the structural arrangements o f  the individual 
clasts which could not be attributed to changes in depositional environments responsible 
for the formation o f the different units (cf. Chapter 2). Because the structural 
arrangements o f the clasts can influence the initiation o f sediment-movement and the 
transportation and deposition o f bedload in coarse gravel-bed rivers (cf. Chapter 2), 
additional data collected in this investigation included the types o f micromorphological 
features within the study area.
In addition, this part o f  the investigation was aimed at improving the 
characterization o f the various micromorphological features. As discussed in Chapter 2, 
micromorphological features in coarse gravel-bed rivers have been identified in a wide 
variety o f settings, including alluvial fan environments. However, descriptions o f these 
features have been largely based on observations in rivers where the maximum grain- 
size o f the sediments was in the order o f decimeters. Investigation o f the abandoned 
channel reach in the Rio Toro Amarillo therefore provided an opportunity to define the 
characteristics o f  these features in a boulder-dominated coarse gravel-bed river.
Micromorphological Features
Several o f  the micromorphological features that have been noted in previous 
studies o f  coarse gravel-bed rivers were present in the channel beds or on the bar 
surfaces o f the abandoned channel reach; (1) cluster bed form, (2) longitudinal ribs, (3) 
step-pool systems, and (4) transverse ribs. The most common o f  these features was the 
pebble cluster or cluster bed form. Because the term cluster bed form, with the 
differential grain-size o f the stoss- and lee-side deposits as described by Brayshaw
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(1984, 1985), has become more widely used in the literature than the term pebble 
cluster introduced by Dal Cin (1968), the former will be used to discuss these features 
within the context o f  their occurrence in the Rio Toro Amarillo study area.
Unlike the majority o f  observations o f  cluster bed forms presented in the 
literature, cluster bed forms observed in the study area were not confined to channel 
beds but were also present on top o f the bar surfaces in the braid complexes 
(Photograph 17). However, the majority o f the cluster bed forms located in the braid 
complexes did occur on bar surfaces at relatively lower elevations and/or within the 
channels dissecting the bars, suggesting recent exposure to fluvial activity and a 
requirement for relatively high discharge-magnitudes and water-depths. The collection 
o f particles forming a cluster bed form in the Rio Toro Amarillo study area were 
characterized as being oriented normal to the flow direction and, as first suggested by 
Dal Cin (1968), could be used to identify the predominant flow direction in a given area.
No regular pattern or spacing o f cluster bed forms could be recognized in the charmel 
beds or on the bar surfaces within the study area. The absence o f such a pattern could 
possibly be the result o f  the abundant availability o f  large clasts within the abandoned 
channel reach. In accordance with Dal Gin's (1968) interpretation o f formation o f 
cluster bed forms, whereby the presence o f obstacle clasts is primarily attributed to 
remnants o f  previous higher-energy events wherein selective transport has removed the 
smaller particles around the large obstacle clasts, the large number o f  these clasts in the 
study area appears to indicate recent fluctuations in energy environment within the 
study area.
The three other micromorphological features (longitudinal ribs, step-pool 
systems, and transverse ribs) were exclusive to the channel beds within the study area. 
Longitudinal ribs were described by Carling and Reader (1982) to consist o f  an 
accumulation o f  coarse-grained material in mid-channel sections. Within the abandoned
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Photograph 17: Numerous cluster bed forms in the abandoned channel reach.
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channel reach o f the Rio Toro Amarillo, longitudinal ribs occurred in the center line o f  
wide and straight channel reaches, and generally consisted o f  slightly elevated deposits 
o f  clast-supported cobbles and boulders (Photograph 18). Consequently, the deepest 
part o f  the channel occurred on either side o f this feature. Visual observations o f  clast- 
size indicated that the boulders and cobbles in the mid-section o f the channels were 
slightly coarser than the adjoining deeper sections o f  the channel.
Both step-pool systems (Photograph 19) and transverse ribs (Photograph 20) 
were identified within the Rio Toro Amarillo study area and could generally be defined 
as a  ridge o f  large clasts extending across the channel bed, transverse to  the flow 
direction, through which the longitudinal channel gradient decreased in a step-wise 
manner. As discussed in Chapter 2, the morphological characteristics that can be used 
to differentiate between step-pool systems and transverse ribs is a topic o f  debate 
among the researchers studying micromorphology o f  charmel beds. Some o f  the 
characteristics used as distinguishing features by other authors include: (1) composition 
o f the crests, i.e., a row o f individual particles rather than an accumulation o f large 
particles (Robert 1990; Richards and Clifford 1991); (2) relative particle size between 
the crests versus the pool-sections o f the step pools o r the swales o f the transverse ribs 
(Chin 1989; Schmidt and Ergenzinger 1992); (3) relative differences in clast-size o f  the 
crests between the two features (Richards and Clifford 1991); (4) presence or absence 
o f reverse gradients (Chin 1989); and (5) occurrence o f  the features within channel beds 
versus on bar surfaces (Richards and Clifford 1991). Because differentiation between 
the two features based on these characteristics is problematic (cf. Chapter 2) field 
recognition becomes a difficult task.
Based on the observations o f  transverse ribs and step pools in the study area, a 
more appropriate differentiation between the two features can possibly be found in their
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Photograph 18: Longitudinal rib in a primary channel in the abandoned channel reach.
Photograph 19: Step-pool system in a primary channel in the abandoned channel 
reach.
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Photograph 20: Transverse rib in a  channel in the abandoned channel reach.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
166
spacing relative to the channel width in which they occur. Although Whittaker (1987) 
and Chin (1989) previously suggested that spacing o f  the step pools is related to 
channel width, the majority of studies correlating channel-geometry and the spacing o f 
these features have looked at the slope o f  the channel rather than channel width 
(Whittaker 1987; Chin 1989). Similarly, spacing o f  transverse ribs has been related to 
channel slope and clast-size o f the ribs (Boothroyd and Ashley 1975; Chin 1989; Robert 
1990; Richards and Clifford 1991). According to  the investigations by these authors, 
step pools occur in channels with steeper slopes than those where transverse ribs have 
been observed. No consistent comparisons have been made for clast-size o f the ridges.
To assess the potential for using channel slope as a distinguishing property 
between transverse ribs and step-pool systems, a series o f  channel-bed gradients in 
which these features occurred were measured within the abandoned channel reach o f the 
Rio Toro Amarillo. No significant difference in channel slope could be determined 
between channels in which transverse ribs (0.028 m/m to 0.048 m/m) and step pools 
(0.028 m/m to 0.032 m/m) occurred. It is important to note, however, that the available 
data on these features in the literature does not specify whether the presence o f these 
features is the result o f  steep channels or whether the steepness o f the channel beds is 
caused by their presence. Further investigation will be required before a cause and 
effect relationship between steep slopes and formation o f  these features can be 
established.
Correlation o f channel widths and spacing o f transverse ribs and step-pool 
systems provided for a more clear division between the features. Within the Rio Toro 
Amarillo study area, step pools were characteristic o f narrow channels and consistently 
occurred in closer spacings than transverse ribs. The average ratio for the step-pool 
systems was approximately 2 times the channel width. This ratio compares well with 
the values o f  1.9 and 2.7 measured by Chin (1989) and Whittaker (1987), respectively.
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In addition, the spacing o f step pools in the study area was clearly closer as compared 
to the spacing o f  the pool-riffle systems (5 to 7) which typically occur in braided rivers 
(Leopold et al. 1964). Spacing o f transverse ribs in the Rio Toro Amarillo study area 
far exceeded the ratio o f  2:1 for the step pools, inasmuch as a single transverse rib 
generally occurred within a given reach o f the various channels in the study area. 
Unfortunately, similar measurements for transverse ribs could not be found in the 
literature so that no comparison could be made with the ones obtained in the current 
investigation.
Although differences in formational processes o f step-pool systems and 
transverse ribs have been presented by several authors (Chapter 2: W hittaker 1987;
Chin 1989; Robert 1990; Richards and Clifford 1991), these authors provided little to 
no information on where these features normally occur within a channel, or on the 
dynamics associated with their formation. One o f  the few exceptions was a study 
conducted by Boothroyd and Ashley (1975) who observed a series o f  transverse ribs on 
bar surfaces o f gravel-dominated fan deposits and suggested that transverse ribs form as 
a result o f  antidunes. More recently, Blair and McPherson (1994) suggested that the 
occurrence o f  transverse ribs on alluvial fans is associated with sheetflood-deposits 
attributed to hyperconcentrated flows with relatively low sediment concentrations.
Because step pools are not necessarily associated with current or recent flow 
conditions, gaining a better understanding o f the sediment transport processes 
associated with the formation o f  step-pool systems based on the data collected vrithin 
the current study was somewhat limited. However, the location o f  step-pool systems 
observed in the abandoned channel reach o f  the Rio Toro Amarillo was consistent, i.e., 
along the mid-sections o f bar formations. These areas generally corresponded to the 
zone where the channel width and depth was smallest within a  given channel. 
Consequently, the hydrodynamics in these reaches could potentially have been
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conducive to  the development o f  antidunes and the subsequent formation o f step pools.
The close spacing o f  the step-pool systems and their occurrence in narrow and steep 
channels conforms with the process o f  formation for these features as presented by the 
various researchers (Whittaker 1987; Chin 1989; Robert 1990; Richards and Clifford
1991).
Within the study area, transverse ribs generally occurred on the channel bed o f 
primary channels where a tributary came into the channel, and at the mouth o f the 
tributary channel before it reached the primary channel. The first location can be 
explained by changes in hydraulic parameters associated with the confluence o f  channels 
in coarse gravel-bed rivers as described by Best and Reid (1984), Roy et al. (1988), and 
Ashmore et al. (1992). According to their investigations, flow velocities within a 
channel increase at confluences, creating scouring pools. As the water flows out o f 
these pools, the flow is dissipated and velocities decrease rapidly. Consequently, the 
decrease in velocity associated with this process probably enhances localized 
accumulations o f  large clasts, and formation o f  transverse ribs. At the same time, these 
conditions could induce sheetflood-type flows as suggested by Blair and McPherson 
(1994). While not addressing micromorphological features in their investigation, Roy et 
al. (1988) did note the presence o f a series o f  larger boulders and clasts downstream 
from the scouring pools at the confluence o f  river channels.
The second location o f transverse ribs in the study area, at the mouth o f 
secondary channels, can be associated with processes through which a river attempts to 
gain an equilibrium. Transverse ribs in secondary channels o f  the Rio Toro Amarillo 
occurred consistently in those channels that were located at a relatively higher elevation 
than that o f  the main channel, i.e., their appearance being similar to hanging valleys. 
Consequently, the transverse rib present within a  given channel reach would provide a
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step-wise increase in longitudinal gradient o f  the secondary channel while it attempts to  
reach an accordance with the flow conditions in the main channel.
A fifth micromorphological feature was observed in the Rio Toro Amarillo 
abandoned channel reach during the course o f this investigation. This feature, to date, 
has not been identified in the literature and will be referred to as "circular rib" in this 
document. Circular ribs occurred only on top o f the bar surfaces within the study area 
and consisted o f an accumulation o f  large clasts in a half-circular pattern (Photograph 
21). Boulders and cobbles were lodged against this ridge o f  large boulders at the stoss- 
side o f  the deposit in an imbricated manner. Lee-side deposits generally consisted o f  
finer-grained sediments. Similar to transverse ribs, these features resulted in a sudden 
decrease in elevation towards the downstream side o f  the ridge; the elevational 
difference being at least the magnitude o f  the largest clasts forming the ridge. Large 
logs had collected at the upstream end o f  most the circular ribs in the study area. The 
logs were generally lodged against the clasts forming the ridge o f  the circular ribs and 
appeared to have been pushed against these boulders during recent flood events.
Circular ribs often occurred in groups, lined up along the longitudinal axis o f  the 
bar on which they occurred. These groups o f  circular ribs were described as interlocked 
when the clast-ridges extended beyond the half-circle to form an elongated shape in 
which other smaller circular ribs occurred. The gradual decrease in dimension o f these 
interlocked-circular-ribs was concomitant with a decrease in average clast-size o f  the 
ridge-sediments. Groupings o f  circular ribs occurred primarily in the upper- and mid­
sections o f bars, their overall direction usually away from the main channel flanking the 
bars on which they occurred. At the distal portion o f the bars, they were present 
primarily as individual features along, or close to, the edge o f bar surfaces. In those 
locations, the crescents o f  the circular ribs pointed towards the channels. Regardless o f  
their relative orientation on the bar surfaces, the longitudinal axis o f each circular rib
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Photograph 21 : Circular rib on a  bar surface in the abandoned channel reach.
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was consistently normal to the local, predominant flow direction. Their location and 
orientation relative to the channels adjacent to the bars provided for the following 
interpretation o f  their formation.
Formation o f  circular ribs was postulated to be a combination o f  processes that 
result in the formation o f  cluster bed forms and transverse ribs. Similar to the 
development o f  the transverse ribs observed on the channel beds within the study area, 
circular ribs appeared to develop through successive capturing o f  large clasts against the 
periphery o f  an existing bed protuberance. In contrast to the transverse rib, 
development o f  the ridge o f large clasts did not occur in a straight line transverse to the 
overall flow-direction, but rather resulted in a half-circular formation. The absence o f  a 
relatively straight line o f large clasts in the circular ribs is suggested to be the result o f  
two factors: (1) lack o f charmelized flow on the bar surfaces, relative to the flow 
conditions within channels associated with the formation o f  transverse ribs, and (2) the 
effects o f  current crescents as first identified by Peabody (1947).
Peabody (1947) noted the development o f  small U-shaped channels (in plan- 
view) around individual obstacle-clasts resulting from increased erosion associated with 
localized changes in hydrological conditions around the obstacle. This concept o f  
current crescents is proposed as an explanation for the half-circular shape o f the circular 
rib in that the localized concentration o f flow around the initial obstacle-clast o f  a 
circular rib could potentially provide enough energy to force the accumulating clasts 
slightly downstream, thereby creating a circular pattern rather than a straight line. In a 
recent flume study o f the effects o f  large particles on overland flow hydraulics, Bunte 
and Poesen (1994) discussed the development o f current crescents around large 
particles and measured increased velocities at the stoss-side o f  these protruding 
particles. This interpretation also would account for the development o f  the elongated 
circular ribs.
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Deposition o f  the finer-grained material at the lee-side o f  the circular ribs can be 
attributed to a localized decrease in energy in the wake o f  the clast-obstacles as was 
argued by Brayshaw, et al. (1983) with regard to cluster bed forms. However, this 
explanation raises the question regarding the development o f  interlocked circular ribs 
where large clasts are present downstream and within other circular ribs. Based on the 
field observations conducted during the current investigation, ridge development and 
deposition o f lee-side sediments probably occurred during separate flow events and/or 
different stages o f  a single flow event. Circular ribs are suggested to  be the result o f 
depositional processes associated with large flood-events. As mentioned previously, 
along the mid- and upper-sections o f  bars, circular ribs were pointed away from the 
main channel along the bar. Investigation o f  flow directions in those channels 
consistently indicated a dominant flow towards the bars in the location where circular 
ribs occurred. Consequently, during flood events, it can be assumed that these periods 
o f  high water overtop the bars aligning the channel, and provide for enough flow-energy 
to transport the large clasts in a  direction away from the channel. Once an initial clast is 
deposited, or a remnant clast is reached (cf. cluster bed form), subsequent capturing and 
deposition o f other large clasts resulted in the formation o f  a circular rib.
Formation o f  circular ribs within the perimeters o f  other, larger circular ribs can 
be attributed to a convergence o f  flow within the initial and most upstream, larger 
circular rib, locally increasing the competence o f the Rio Toro Amarillo flow over the 
bar surface. This increase in competence is suggested by the scouring which occurs at 
the lee-side o f the circular rib, thereby enhancing the elevational difference between the 
ridge and the bar surface. Removal o f  boulders and clasts during this scouring process 
may contribute to  the availability o f  sediments for the formation o f additional circular 
ribs further downstream. Deposition o f  the finer-grained sediments in the wake o f the 
circular ribs can be accounted for by their subsequent infilling during lower-energy
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flood-events or during the falling stage o f the flood event responsible for the formation 
o f the ridge o f  circular ribs.
One additional issue concerning circular ribs as presented in this study warrants 
discussion within the scope o f  their formational processes. Ashmore (1982) reported 
the development o f  small, semi-circular scars on bar surfaces in his laboratory study o f  
bar formation in braided gravel-bed rivers. According to this author, these features 
were caused by the headward erosion and incision o f  newly forming channels on bar 
surfaces; channel formation was reported to be associated with avulsion during peak 
flow conditions. Because Ashmore (1982) did not elaborate about this feature and did 
not provide additional morphological characteristics, a comprehensive comparison with 
circular ribs was not feasible. However, based on the available information, these semi­
circular scars are argued to be different from circular ribs as described in the current 
investigation.
First, if the circular ribs observed in the Rio Toro Amarillo study area would be 
the result o f  headward erosion and channel development, at least some o f  these features 
should have been associated with a channel. The absence o f distinct manifestations o f  
channel development in the downstream sections o f  circular ribs indicates a different 
process o f formation. In addition, erosional scars, as described by Ashmore (1982), 
were observed at the head o f some o f  the channels that had developed on bar surfaces in 
the study area. However, these erosional scars were larger than the observed circular 
rib features in the study area and occurred primarily on bar surfaces at the upstream 
portion o f the abandoned channel reach where channel development was probably a 
recent event. In contrast, circular ribs occurred on bar surfaces throughout the study 
area.
Finally, the occurrence o f  interlocked circular ribs can not be easily explained by 
the process o f channel development and headward erosion as described by Ashmore
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
174
(1982). Although the argument could be made that in the case o f interlocked circular 
ribs, these features develop much like transverse ribs in the channels, their shape is 
clearly different from the transverse ribs, and, as discussed above, formation o f 
transverse ribs is not associated with erosional processes. Consequently, circular ribs 
are proposed as a separate feature from the erosional scars identified by Ashmore 
(1982).
Although the majority o f  micromorphological features observed on the channel 
beds and bar surfaces in the study area have been reported in coarse gravel-bed rivers by 
other researchers, one bed form, commonly associated with such rivers, was not 
observed in the abandoned channel reach o f the Rio Toro Amarillo, i.e., armoring or 
pavement. However, observation o f  an armouring layer requires comparison in grain- 
size between the surface and subsurface sediments. Because o f  the coarseness o f  the 
sediments in the study area, excavation over large channel tracts was not feasible. 
Consequently, this bed form could not be observed directly.
Qast-Size Variation in Micromorphological Features
Clast-size measurements o f  micromorphological features, collected at each o f 
the sampling points within the study area, also were analyzed to determine potential 
variability in maximum and average maximum clast-size between the features. 
Micromorphological features that occurred at the sampling points included step-pool 
systems and circular ribs. Descriptive statistics performed on maximum and average 
maximum clast-size measurements o f the features are provided in Table 10. The Table 
provides the mean value (Mean), standard deviation (SD), number o f samples in the 
population (N), 95 % confidence level (95 % Conf), and the values around the mean (+ 
and -) for each feature according to their occurrence in the primary channels or on the 
braid complexes, and according to the subfacies or depositional units associated with 
the location o f  the data point, i.e., Gm, or Gmj. In addition, clast-size measurements
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Table 10: Descriptive clast-size statistics for the micromorphological features by
major morphologies and depositional units.
D epositional 
U n it o r  
Subfacies
A verage M axim um  Clast-Size (m) M axim um  C last Size (m )
M ean
St
Dev N
95%
Conf + M ean
S t
Dev N
95%
Conf +
Primary Channels
All data in  the orimarv channels wit lOUt micromomholoeical features
73
50
23
0.10
0.11
0.16
1.04
1.16
0.68
1.24
1.38
1.00
Gm,/Gm$
Gmj
Gntj
0.86
0.97
0.64
0.32
0.28
0.30
73
50
23
0.07
0.08
0.12
0.79
0.89
0.52
0.93
1.05
0.76
1.14
1.27
0.84
0.43
0.39
0.38
Channel -  Steo
1.12
1.25
0.64
0.31
0.18
5
4
1
0.27
0.18
0.85
1.07
1.39
1.43
1.38
1.50
0.80
0.39
0.29
6
5
1
0.31
0.25
1.07
1.25
1.69
1.75
Gm,/Gm;
Gm,
Gm;
C hannel -  Pool
0.90
0.91
0.84
0.22
0.24
7
6
1
0.16
0.19
0.74
0.72
1.06
1.10
1.14
1.13
1.20
0.22
0.24
7
6
1
0.16
0.19
0.98
0.94
1.30
1.32
Gm,/Gm;
Gm,
Gm;
Braid Complexes
All data  on  the bar surfaces o f the braid comolexes without micromorolto lodcal features
1.24
1.27
1.26
G m ,/G m ;
Gm,
Gm;
0.95
0.96
0.93
0.27
0.24
0.30
139
84
55
0.04
0.05
0.08
0.91
0.91
0.85
0.99
1.01
1.01
1.19
1.20 
1.17
0.33
0.31
0.36
141
84
57
0.05
0.07
0.09
1.14
1.13
1.08
C ircular Ribs - lee
0.28
0.34
0.23
37
14
23
0.09
0.18
0.09
0.84
0.83
0.79
1.02
1.19
0.97
1.16
1.30
1.07
0.38
0.43
0.34
37
14
23
0.12
0.23
0.14
1.04
1.07
0.93
1.28
1.53
1.21
G m ,/G m ;
Gm,
Gm;
0.93
1.01
0.88
C ircular Ribs - crest
0.18
0.16
0.25
20
15
5
0.08
0.08
0.22
0.89
0.89
0.75
1.05
1.05 
1.19
1.28
1.30
1.22
0.25
0.25
0.28
21
16
5
0.11
0.12
0.25
1.17
1.18 
0.97
1.39
1.42
1.47
G m ,/G m ;
Gm,
Gm;
0.97
0.97
0.97
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were separated according to whether the data points were located on the crest or lee- 
side o f  the circular ribs and, for the step-pools, whether the clasts were part o f  the steps 
versus pool-sections. In order to assess the potential influence o f  micromorphological 
features on the maximum and average maximum clast-size calculated for the data 
collected on the bar surfaces o f the braid complexes and in the primary channels o f  the 
study area, descriptive statistics for these major morphologies, previously presented in 
Table 7, are again provided in Table 10 for comparison.
The data in Table 10 show that, based on a confidence interval o f  95 %, no 
significant difference in maximum and average maximum clast-size existed between 
each o f the micromorphological features identified on the bar surfaces and the bar 
sediments as a  whole. Also, no significant difference between the Gmi subfacies and 
Gms clasts for each o f  the features could be determined. Similarly, average maximum 
and maximum clast-sizes for the micromorphological features on the channel beds 
showed no significant variation among bed forms. However, average maximum clast- 
size o f the data collected on the "steps" o f the step-pool systems was significantly larger 
than the average maximum clast-size o f the clast-data in the primary channels (Table 
10). In contrast, no significant difference in the average maximum clast-size for the 
pool-sections could be noted. Also, maximum clast-size data for both the step- and 
pool- sections did not show significant differences relative to  the maximum clast-data in 
the primary channels. Insufficient data (Table 10) precluded assessing potential 
variations in subfacies or depositional units for these features.
Indication of Flow
One component o f  this investigation was to evaluate the potential importance o f 
high suspended-sediment-concentration flows as a contributor to the sediment 
transport-dynamics in the Rio Toro Amarillo river system. As discussed previously,
Kesel and Lowe (1987) argued that sediments in the active portion o f  the Rio Toro
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Amarillo fan-complex were deposited by dilute streamflows and hyperconcentrated 
flows. Investigations o f  exposed bar profiles in the abandoned charmel reach also 
suggested that these types o f  flows occurred relatively recently within the study area.
Micromorphological features have generally not been used as an indication o f  
the types o f  flows that are responsible for the formation o f the deposits in which they 
occur (cf. Chapter 2). While these features can be used as an indicator o f flow 
direction, can affect transport processes in coarse gravel-bed rivers, and are being 
studied relative to  their effects on flow resistance and boundary shear stress (cf. Hassan 
and Reid 1990; Robert 1990; Clifford et al. 1992a; Clifford et al. 1992b; Robert 1993;
Petit 1994), their potential application as an indicator o f  the types o f  flows that would 
have been active during their formation is questionable. Church and Jones (1982) 
argued that micromorphological features are the result o f  local flow conditions and, in 
contrast to bar formations, do not necessarily reflect mean flow conditions which form 
the alluvial morphology. In addition, according to Smith and Lowe (1991), dilute 
streamflows and hyperconcentrated flows are difficult to distinguish in systems where 
high discharge, high-velocity floods occur. Consequently, the presence o f 
micromorphological features as an indicator o f  flow conditions has limited value for 
differentiating types o f  flows in the abandoned channel reach.
However, it can be argued that micromorphological features have the potential 
for inducing localized high-sediment-concentration flows. For example, 
micromorphological features are a temporary storage o f  a wide range o f particle sizes 
(e.g.. Church and Jones 1982; Lekach et al. 1992), including fine-grained sediments. 
Consequently, if  flow conditions are such that these features are destroyed, the release 
o f  the fine-grained sediments could potentially induce localized high concentrations o f  
suspended sediments. Specifically, if large sections o f  a stream bed are destroyed, 
enough fine-grained sediments may be released to the flow to create a  short-term event
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o f high-sediment-concentration flows. Under this hypothesis, high-sediment- 
concentration flows can be caused under dilute-streamflow-conditions during which 
reworking o f  existing deposits results in the destruction o f micromorphological features 
and the release o f  a mass o f heterogeneous sediments into the river system.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS
The present study was aimed at gaining a better understanding o f  morphological 
and sedimentological characteristics o f  coarse gravel-bed rivers associated with alluvial 
fans in humid tropical environments and the transport processes o f boulder-size clasts 
within these systems. Detailed field investigations o f  these river systems have been 
limited because o f  the difficulties associated with measuring active sediment transport 
and flow conditions, performing excavations o f  the coarse-grained sediments to 
determine the sedimentological characteristics o f  the deposits, and collecting adequate 
clast-size and morphometric data for analysis. The recent abandonment o f  a portion o f  
the active channel o f  the Rio Toro Amarillo provided a unique opportunity to collect 
systematic data o f  the sedimentary deposits and morphology in a boulder dominated 
coarse gravel-bed river.
In the study area, the morphology o f the Rio Toro Amarillo was characteristic 
o f  a braided river system with a bimodal sediment load. Data collection involved 
mapping and measurement o f  the distribution o f braid complexes and channels; gradient, 
maximum clast-size distribution, lithofacies, and micromorphology o f  the channel-beds 
and bar surfaces; elevational differences between channel bed and bar surface; and flow 
direction characteristics relative to  the geomorphology o f  the area. The data collected 
in the study area allowed for a description o f the morphology and sedimentary deposits 
o f a recently abandoned channel reach o f the Rio Toro Amarillo river and a 
reconstruction o f  its depositional history.
Sediment facies in the abandoned channel reach included; (1) openwork, clast- 
supported boulder- and cobble-size sediments (Gm,); (2) massive to crudely stratified 
matrix-supported cobbles and boulders (Gmz); (3) massive to crudely stratified clast- 
supported cobbles in a sand matrix (Gmj) with lenticular deposits o f  well-rounded, 
moderately sorted, pebble-size sediments (Gnu); and (4) sand facies (S). A veneer o f
179
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moderately sorted and imbricated, clast-supported boulders and cobbles in a sand and 
gravel matrix (Gms) covered many o f  the more elevated bar formations in the area. 
Comparison o f the sedimentolo^cal characteristics o f these sedimentary units with 
those identified in the literature suggested the occurrence o f  hyperconcentrated flows 
and dilute streamflows within the abandoned channel reach. However, the sequence o f 
the deposits suggested that the subfacies indicative o f  hyperconcentrated flows (Gm; 
and Gms) had been deposited prior to the abandonment o f the channel.
Potential flow conditions in the abandoned channel reach were calculated based 
on channel geometry and clast-size but generated conflicting results. Estimations o f  
average flow conditions yielded an average discharge o f  1,981 mVs and velocity o f  1.79 
m/s. Extreme flow conditions based on channel geometry suggested that a maximum 
discharge o f  26,802 mVs and corresponding velocity o f 4.55 m/s could have been 
accommodated by the charmel geometry o f the abandoned charmel reach. While these 
flow conditions could have occurred within the study area, the maximum velocity-value 
was inconsistent with velocity-estimates derived from clast-size data. Using maximum 
clast-size as the controlling factor in estimating flow conditions provided a velocity- 
estimate o f  7.67 m/s for a clast-size o f  2.22 m. The discrepancies in estimated flow 
conditions based on clast-size and charmel geometry suggested that other factors could 
have affected the transport dynamics o f  the sediments in the area which are not 
represented in the equations used to estimate the flow conditions.
The physical setting o f  the Rio Toro Amarillo was investigated to evaluate the 
potential contribution o f high suspended-sediment-concentration flows as an active 
component o f the sediment transport processes within the river system. This 
investigation indicated that the climate and geological setting o f  the Rio Toro Amarillo 
are conducive to the occurrence o f  both high-sediment-concentration flows and flood 
discharges (dilute steamflows). However, a review o f  the literature on the effects o f  the
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physical setting on coarse gravel-bed rivers relative to the regional volcanic and tectonic 
history in the Rio Toro Amarillo basin suggested that climate may not have as strong o f 
an influence on the dynamics o f  the Rio Toro Amarillo system. Analysis o f  the 
hydrological characteristics o f  the Rio Toro Amarillo system as well as the suspended 
sediment loads that are likely to  have occurred between 1960 and the period o f  field 
investigations, further supported the potential occurrence o f  both types o f  flows during 
this period.
Furthermore, this investigation confirmed results o f  previous studies conducted 
in the vicinity o f  the study area which suggested that alternating periods o f  dilute 
streamflows and high-sediment-concentration flows have dominated the flow regime in 
the Rio Toro Amarillo fan-system. Kesel and Lowe (1987) argued that high-sediment- 
concentration flows were an important factor in the formation o f the alluvial-fan- 
complex o f the Rio Toro Amarillo, shortly after a period o f  volcanic eruptions (1963- 
1965). While the literature on high-sediment-concentration flows generally associates 
the occurrence o f  these flows with catastrophic events, the results o f  the current 
investigation suggest that high-sediment-concentration flows may have been a 
contributor to the formation o f  the deposits that were present in the abandoned channel 
reach two decades after the catastrophic events (1984-1985).
Analysis o f  the gradients and maximum average clast-size data in the three 
primary channels and three braid complexes indicated that variations in clast-size and 
gradients along the longitudinal profile o f the abandoned channel reach did not conform 
with the findings o f  other studies o f  braided coarse gravel-bed rivers. That is, neither 
average maximum clast-size nor gradient showed a significant decrease downstream. 
Furthermore, the regression analysis performed to evaluate the relationship between 
clast-size and gradient showed that no strong relationship existed between the two 
variables. Gradient-values obtained in the abandoned channel reach were found to be
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substantially higher as compared to other coarse gravel-bed rivers and more 
representative o f  alluvial fans (Blair and McPherson 1994).
Other investigations have indicated the difficulty o f  using longitudinal grading to 
distinguish flow conditions. Lack o f  consistent grading in a downstream direction 
within deposits o f  coarse gravel-bed rivers has been noted to result from differential 
sediment influx through tributaries (Dawson 1988) o r sediment supply (Ashworth et al.
1992), preferential textural association o f bed forms (e.g., Dawson 1988; Shih and 
Komar 1990; Hassan et al. 1992; Church and Hassan 1992; Goff and Ashmore 1994), 
and transport dynamics associated with a bimodal sediment load (Ikeda 1984; Iseya and 
Ikeda 1987). The results o f  these analyses suggest that in boulder-dominated gravel- 
bed rivers, the large size o f  the clasts may limit the degree to which traditional 
relationships between measured morphological parameters and clast-size can be used as 
an indicator o f  flow-conditions, especially when the area investigated is relatively small.
These limitations could furthermore be attributed to the effects o f micromorphological 
features and the characteristics o f  depositional units resulting from high-sediment- 
concentration flows on clast-size sorting and gradient measurements. In the Rio Toro 
Amarillo study area, these relationships also appear to be influenced by characteristics 
of the alluvial fan deposits and the effects o f  the fault at the proximal portion o f  the fan. 
Gradient-values o f coarse gravel-bed rivers in alluvial fan environments appear to be 
strongly influenced by the gradients o f the fan-deposits.
The data analyses performed during this investigation did support previous 
findings which suggest that the sediment transport processes in coarse gravel-bed rivers 
can be controlled by site-specific conditions and localized events which may result in 
significant changes in the morphology o f a river (cf. Laronne and Duncan 1992). In 
accordance with the observations by Church and Jones (1982) regarding sedimentation 
zones in coarse gravel-bed rivers, the morphology and geometry o f  the abandoned
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channel reach was found to reflect the characteristics o f a coarse gravel-bed river in 
which a sudden input o f  sedimentary debris occurred. This sudden influx o f  sediments 
was argued to have resulted in the upstream "plugging" o f the active channel as 
described by Harvey (1987), and the subsequent avulsion o f the active channel to the 
west o f the abandoned channel reach. The relative downstream increase in gradient in 
the abandoned channel, the spatial distribution o f  average maximum clast-size in this 
area, and the channel geometry in the primary channels, not only reflected the sudden 
introduction o f  large quantities o f sediments, but also indicated that channel 
development and reworking o f these sediments had occurred by the time the field 
investigation was performed.
Application o f  this model o f sediment input and subsequent avulsion o f  the 
active channel o f  the Rio Toro Amarillo suggested that deposition o f the sediments in 
the abandoned channel reach had occurred within a relatively short time span (less than 
a year). Consequently, transportation o f these sediments also must have occurred 
within a short period o f  time. Measurements o f clast-size consisted o f  surface 
sediments and, to a large degree, represent clasts that must have been introduced into 
the channel during this recent sediment-influx. Average maximum clast-size in the study 
area was found to be 0.91 m; the mean value o f  the maximum clasts at each sampling 
point was 1.16 m. Although the clast-size data did not show a significant decrease 
along the longitudinal profile o f the abandoned channel reach, a closer investigation o f 
the regression analyses that were performed to determine the relationship between these 
variables, revealed that the average maximum clast-sizes in the study areas showed a 
slight, initial downstream-decrease along the longitudinal profile o f  the abandoned 
channel reach. At the most downstream end o f the reach, average maximum clast-size 
increased again.
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Visual observations indicated that the presence o f these large clasts at the 
downstream end o f  the study area were oversized relative to the predominately finer- 
grained sediments. The presence o f the oversized boulders in the downstream portion 
o f the study area are argued to result from preferential transportation o f large clasts 
over a relatively smooth channel bed (e.g., Simons et al. 1979; Iseya and Ikeda 1987; 
Hassan et al. 1992) and the availability o f  loosely-packed sediments in the upstream 
portion o f  the abandoned channel reach (Ashworth et al. 1992).
Many o f  the micromorphological features that have been identified in the 
literature also were observed within the abandoned channel reach o f  the Rio Toro 
Amarillo. Features included cluster bed forms, longitudinal ribs, step-pool systems, and 
transverse ribs. Cluster bed forms were found to be the most common o f these features 
in the study area and occurred on the bar surfaces and in the channel beds. Longitudinal 
ribs, step-pool systems, and transverse ribs were confined to the channel beds within the 
study area. Longitudinal ribs were characteristic o f  wide and relatively straight channels 
while the other two bed forms occurred predominantly in narrow and steep channels.
Definitions o f  step-pools and transverse ribs as described in the literature were 
found to be inadequate for distinguishing between these two micromorphological 
features. A new method for differentiating between these two bed forms, and 
previously suggested by Whittaker (1987) and Chin (1989), was proposed as the most 
suitable method in the current investigation. This method relies on the correlation o f 
channel widths and the spacing between the ridges o f  individual transverse ribs and 
step-pools. Within the Rio Toro Amarillo study area, the average ratio for the step- 
pool systems was approximately 2 times the channel width; the spacing o f transverse 
ribs in the Rio Toro Amarillo far exceeded the ratio o f 2:1 as calculated for the step 
pools. However, no sufficient data were available to determine an absolute value for
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the transverse ribs. More detailed measurements will be needed to obtain a definite 
division between these two features.
A new micromorphological feature was observed in the Rio Toro Amarillo 
which had not been identified in the literature. This feature was called "circular rib" and 
occurred only on top o f  the bar surfaces within the study area. A circular rib consists o f 
an accumulation o f large clasts in a half-circular pattern. Boulders and cobbles are 
lodged against this ridge o f large boulders at the stoss-side o f  the deposit in an 
imbricated manner. Lee-side deposits generally consist o f  finer-grained sediments. 
Morphologically, circular ribs result in a sudden decrease in elevation towards the 
downstream side o f  the ridge; the elevational difference being at least the magnitude o f 
the largest clasts forming the ridge.
Differences in clast-size have been proposed as a means o f  differentiating 
between micromorphological features. Although, the analysis o f  clast-size data o f 
micromorphological features in the abandoned channel reach did not include all types o f 
features identified within the study area, the lack o f significant differences between the 
features investigated does suggest that clast-size may not be a useful attribute for 
distinguishing between features.
This investigation o f a boulder-dominated, coarse gravel-bed river demonstrated 
that large volumes o f sediments can be transported and deposited in a short period o f 
time. The conditions under which such transport occurs in these rivers will require 
further research. At the same time, this study indicated that local conditions affect 
transport dynamics and can induce significant changes in the morphology o f the river. 
Detailed measurements o f the morphology o f a river and collection o f site-specific 
sedimentological data provide an avenue for reconstructing the depositional history o f 
the sedimentary deposits. Although flow conditions also can be estimated from 
morphological and sedimentological data, the equations from which such estimates are
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derived may not be appropriate for coarse-gravel-bed rivers o r rivers in which high- 
sediment-concentration flows may play an important role in the transport o f  the 
sediments.
The occurrence o f  high-sediment-concentration flows, and particularly 
hyperconcentrated flows, is being proposed as a potential contributor to sediment 
transport in coarse gravel-bed rivers with a bimodal sediment load. Inducement o f  such 
flows is suggested to  occur in dynamic rivers as a  result o f major changes in the 
morphology o f  the system, such as channel shifting, and possibly from lesser events 
such as destruction o f  bed forms. Such changes in areas prone to release fine-grained 
sediments in the streamflow, enhance the bimodality o f  the sediment load, and 
subsequently produce localized high-sediment-concentration flows. Formation o f  high- 
sediment-concentration flows could, therefore, occur even during small hydrological 
events. At the same time, the bimodality o f  the sediment load also would enhance 
transportation o f boulder-size clasts by producing smooth bed states as described by 
Iseya and Ikeda (1987).
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APPENDIX A:
FIELD DATA COLLECTED WITHIN THE ABANDONED CHANNEL REACH 
(REFER TO FIGURE 4 FOR LOCATION OF SAMPLING POINTS)
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X30/Y10 1.80 1.70 1.70 1.80 1.50 1.70 052 Bar Gm, Large B and Logs
X30/Y20 0.90 0.90 0.70 0.50 0.50 0.70 058 Bar Gm; Small B and Sand
X30/Y25 0.80 Bar Gm; Small B and Sand
X30/Y30 -1.97 1.20 1.20 1.10 1.00 1.00 1.10 057 Thalweg Straight Gm, Very coarse B
X30/Y40 1.90 1.90 1.50 1.00 0.90 1.44 059 Bar Channel Edge Gm; Some fine G, C, S
X30/Y50 -1.00 1.60 1.60 1.10 1.00 1.00 1.26 077 Bar Bar Channel Gm; B (G downsteam) *
X30/Y60 -1.00 1.90 1.90 1.80 1.60 1.30 1.70 094 Bar
Edge
Gm; B (G downsteam)
X30/Y70 0.00 1.60 1.60 1.50 1.30 1.30 1.46 084 Bar Channel Gm,
X30/Y80 0.00 1.50 1.50 1.20 1.10 1.00 1.26 079 Bar Gm; S and Logs
X30/Y90 -0.50 1.40 1.40 1.30 1.20 1.00 1.26 045 Bar Gm; S and Logs
X30/Y100 1.10 1.10 0.90 0.90 0.70 0.94 042 Bar Gm; S and Logs
X30/Y110 1.30 1.30 1.10 1.00 1.00 1.14 033 Bar Bar Channel Gm; S and Logs
X30/Y120 -1.49 1.20 1.20 1.00 0.90 0.90 1.04 027 Bar
Edge
Bar Channel Gm,
X35/Y125 -1.99 1.10 1.10 1.00 0.80 0.80 0.96 012 Bar
Edge
Channel-sear Gm,
X40/Y0 1.90 1.70 1.60 1.60 1.40 1.64 070 Bar Gm, Large B and Logs
(data con'd.)
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(m) (m) (m) (m) (m) (m) (m) (degr) Location Unit (♦)
X40/Y25 1.20 1.10 1.00 1.00 0.90 1.04 052 Bar Channel-scar-
Rib
Gm, Large B
X40/Y40 1.60 1.60 Thalweg Straight Gm, Veiy Coarse B
X40/Y65 1.20 1.00 0.90 0.70 0.70 0.90 059 Bar Tlialweg Gm,
X40/Y105 1.63 1.50 1.00 0.90 0.80 1.17 032 Bar Gm* Very Large B (few less than Im ) /S
X40/Y130 -2.76 1.10 1.00 0.90 0.90 0.70 0.92 009 Bar Channel-scar Gm,
X40/Y150 3.00 3.00 037 Thalweg Straight Gm, Very Large B and G
X45/Y140 -3.09 1.20 1.00 0.90 0.80 0.80 0.94 024 Bar Gm,
X50/Y0 0.80 0.80 0.60 0.50 0.40 0.62 055 Bar Gm; Small B and S
X50/Y30 1.00 1.00 0.80 0.80 0.70 0.86 063 Bar Channel-scar Gm, Large B and Logs
X50/Y50 1.50 1.50 Thalweg Straight Gm, Very Coarse B
X50/Y65 0.80 0.70 0.60 0.60 0.50 0.64 061 Bar Thalweg Gm,
X50/Y 1I0 1.60 1.50 1.50 1.30 1.20 1.42 025 Bar Gm; Very Large B (few less than Im ) /S
X60/Y0 -0.74 1.20 1.10 0.90 0.90 0.70 0.96 040 Bar Gm; Small B and S
X60/Y10 1.00 0.70 0.70 0.60 0.60 0.72 047 Bar at/out scar Gm; Small B and S
X60/Y20 -1.80 1.90 1.40 1.40 1.30 1.00 1.40 042 Bar Channel-scar Gm, Large B and Logs
X60/Y30 -1.27 1.10 1.00 0.80 0.70 0.70 0.86 064 Bar Channel-scar Gm, Large B and Logs
X60/Y40 -1.77 1.10 1.10 1.00 1.00 0.70 0.98 072 Bar Gm, G and Large B
X60/Y50 0.80 0.70 0.70 0.60 0.60 0.68 Bar Channel Edge Gm, G and Large B
X60/Y60 -3.57 1.60 1.50 1.20 1.10 1.00 1.28 059 Thalweg Straight Gm, Veiy Coarse B
X60/Y70 1.10 0.90 0.80 0.70 0.70 0.84 051 Bar Channel Edge / 
Bar Channel 
Edge
Gm,
X60/Y80 -2.67 0.90 0.80 0.80 0.70 0.60 0.76 072 Bar Channel Gm,
X60/Y85 -0.67 0.90 0.70 0.60 0.50 0.50 0.64 032 Bar Bar Channel 
Edge
Gm; C and S and Logs
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X60/Y90 1.10 1.00 0.90 0.90 0.80 0.94 047 Bar Channel-scar Gm,
X60/Y100 -0.75 1.20 1.00 1.00 0.90 0.90 1.00 080 Bar Thalweg-scar Cm,
X60/Y110 0.23 1.80 1.70 1.50 1.40 1.20 1.52 074 Bar Gm$ Very Large B (< less than Im ) /S/Logs
X60/Y120 1.10 1.00 1.00 0.90 0.80 0.96 036 Bar Gm,
X60/Y130 1.50 1.40 1.00 0.90 0.90 1.14 O il Bar Circular Rib - Gm,
X60/Y140 -1.17 0.90 0.90 0.90 0.80 0.70 0.84 009 Bar
lee
Channel-scar Gm, Logs
X60/Y150 1.20 1.00 0.70 0.70 0.60 0.84 020 Bar Channel-scar Gm,
X60/Y155 -2.00 Bar Bar Channel Gm,
Edge /  Channel-
scar
X60/Y160 1.50 1.40 1.30 1.00 1.00 1.24 050 Channel Gm, Very Large B
X60/Y170 -3.80 1.30 1.20 1.20 1.10 1.00 1.16 050 Bar Channel Gm,
X70/Y0 1.30 1.00 0.90 0.80 0.60 0.92 115 Bar Gm$ Small B an d  S/Logs
X70/Y30 1.30 1.30 1.20 1.10 1.00 1.18 025 Bar Channel-scar Gm, Large B
X70/Y45 1.60 1.60 Bar Channel-scar Gm, Very Coarse B
X70/Y60 1.50 1.40 1.40 1.20 1.00 1.30 044 Channel before split Gm,
X70/Y90 1.00 0.70 0.70 0.60 0.50 0.70 047 Bar Gm; C a n d S
X70/Y120 1.60 1.40 0.90 0.60 0.60 1.02 055 Bar Gm; Very Large B (few < than lm)/S/Logs
X70/Y140 1.00 1.00 018 Bar Gm; Large B/S/Vegetation/Logs
X70/Y150 1.50 1.40 1.20 1.00 1.00 1.22 017 Bar Gm; Large B/S/Logs
X70/Y180 -1.71 0.80 0.70 0.60 0.60 0.50 0.64 005 Bar Gm,
X80/Y0 0.90 0.80 0.70 0.70 0.60 0.74 117 Bar Thalweg-scar Gm,
X80/Y30 1.00 0.90 0.70 0.70 0.60 0.78 049 Bar Gm,
X80/Y45 1.40 1.40 Bar Channel-scar- Gm; Sand and G
Rib
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X80/Y60 1.30 1.30 1.20 1.10 1.00 1.18 002 Bar Channel-scar Gm,
X80/Y90 1.40 1.00 1.00 0.90 0.90 1.04 057 Channel at split Gm, Large B
X80/Y120 1.10 1.00 0.70 0.70 0.60 0.82 055 Bar Circular Rib - Gm; C/B/S/ and Vegetation
X80/Y135 1.75 1.75 022 Bar
lee
Gm$ Large B/S/Vegetation/Logs
X80/Y150 1.10 0.90 0.70 0.70 0.60 0.80 051 Bar Gmj Large B/S/Logs
X80/Y180 -3.36 1.10 1.00 1.00 1.00 1.00 1.02 042 Bar Channel Gm,
X85/Y135 1.50 1.50 Bar Circular Rib - Gm, Large B
Crest
X90/Y-5 -1.69 Bar Thalweg-scar Gm,
X90/Y0 -0.94 0.80 0.80 0.80 0.70 0.70 0.76 107 Bar Gm,
X90/Y10 1.00 1.00 0.70 0.70 0.70 0.82 104 Bar Bar Channel Gm, Small B and S/Logs
Edge
X90/Y20 1.50 1.40 1.00 0.90 0.80 1.12 094 Bar Gm* Small B and S/Logs
X90/Y30 -1.49 1.70 1.50 1.50 1.40 1.20 1.46 060 Bar Gm, Logs
X90/Y40 1.60 1.50 1.40 1.30 1.00 1.36 029 Bar Thalweg-scar Gm,
X90/Y50 -1.57 1.40 1.20 1.00 0.90 0.90 1.08 062 Bar Channel-scar- Gm,
Rib
X90/Y55 -1.47 1.40 1.30 1.30 1.20 1.00 1.24 Bar Bar Channel Gm; Very Sandy and B
Edge at/out
scar
X90/Y60 -2.02 1.10 1.00 1.00 0.90 0.90 0.98 045 Bar Channel Edge Gm; B and S and G
X90/Y70 1.40 1.40 1.20 1.00 1.00 1.20 035 Thalweg Gm, Very Coarse B (at split)
X90/Y80 1.00 1.00 0.70 0.50 0.50 0.74 003 Channel at split Gm, Cobbles At Bifuraction
X90/Y90 -3.47 0.90 0.90 0.60 0.40 0.40 0.64 047 Channel at split Gm, Cobbles At Bifuraction
X90/Y100 2.00 1.50 1.40 1.40 1.20 1.50 057 Channel Step/after split Gm,
X90/Y110 -1.47 1.60 1.30 1.20 1.00 1.00 1.22 014 Bar Channel Edge Gm, S and B/Vegetation
(data con'd.)
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X90/Y120 -2.02 1.70 1.60 1.60 1.40 1.20 1.50 027 Bar Circular Rib -
loA
Gmj Large B/S/Vegetation
X90/Y130 1.80 1.40 1.40 1.30 1.20 1.42 040 Bar
lee
Gmj Large B/S/Vegetation
X90/Y140 1.20 1.10 1.00 1.00 1.00 1.06 049 Bar Gmj Large B/S/Vegetation/Logs
X90/Y150 -2.37 1.70 1.30 1.30 1.00 0.90 1.24 043 Bar Circular Rib - Gmj
X90/Y160 -3.62 1.30 1.20 0.90 0.80 0.70 0.98 102 Bar
lee
Circular Rib - Gmj
X90/Y170 -4.45 1.00 1.00 1.00 0.90 0.80 0.94 107 Thalweg
ice
alter split Gm,
X90/Y180 -3.61 1.40 1.20 1.00 0.90 0.90 1.08 052 Bar Channel Gm, B a n d C
X90/Y190 1.10 1.00 0.90 0.80 0.80 0.92 042 Bar Channel Gmj C and lot o f S (at connectiong old
channel)
X90/Y200 -2.41 0.80 0.80 0.80 0.80 0.70 0.78 005 Bar Bar Channel Gmj C and lot of S (at connectiong old
Edge channel)
XiOO/YO 1.40 1.30 0.90 0.70 0.70 1.00 092 Bar Channel Edge Gm,
X100/Y30 0.80 0.80 0.70 0.70 0.60 0.72 047 Bar Gmj S/G/Logs
X100/Y60 1.00 1.00 1.00 0.90 0.90 0.96 093 Bar Gm, large B
X100/Y90 0.60 0.40 0.40 0.40 0.40 0.44 006 Bar Gm, C/G
X100/YI20 1.30 1.00 1.00 0.90 0.90 1.02 039 Channel alter split/pool Gm, B/C
X100/Y150 1.00 1.00 0.90 0.90 0.70 0.90 094 Bar Circular Rib - Gmj C/S
X100/Y180 -3.26 1.40 1.30 1.00 0.90 0.90 1.10 052 Bar
lee
Circular Rib - Gm,
crest
X105/Y 120 -4.52 Thalweg alter split/pool Gm, B/C
X105/Y 150 -3.72 Bar Channel edge Gmj B/C
Circular Rib -
lee
(data con'd.)
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XllO/YO 1.00 1.00 0.90 0.70 0.50 0.82 042 Channel Cutbank Gm; B/C/S
X110/Y30 0.80 0.80 0.70 0.60 0.50 0.68 083 Bar Circular Rib- Cm ; S/G/Logs
X110/Y60 1.20 1.10 1.10 1.00 0.90 1.06 104 Bar
crest-elongated
Channel-scar Gm; S/B
XI10/Y90 1.10 0.70 0.60 0.60 0.50 0.70 060 Channel after split Gm, C/G
X110/Y120 1.00 1.00 1.00 0.90 0.70 0.92 347 Bar Gm, C/G
X110/Y150 -5.64 1.00 1.00 1.00 0.90 0.80 0.94 012 Thalweg Straight Gm, B/C
X110/Y180 -3.86 1.00 0.70 0.70 0.70 0.60 0.74 035 Bar Channel Edge Gm,
X110/Y195 -5.71 Bar Channel Gm, B/C
X110/Y210 1.10 0.80 0.60 0.60 0.50 0.72 042 Bar Thalweg Gm; C and lot of S
X115/Y90 -4.32 Thalweg after split Gm; C/G
X120/Y0 -2.19 1.00 1.00 0.90 0.90 0.90 0.94 042 Channel Pointbar Gm; B/C/S
X120/Y10 1.40 1.30 1.30 1.20 1.00 1.24 047 Channel Cutbank Gm; B/C/S
X120/Y20 -1.22 0.70 0.60 0.60 0.50 0.50 0.58 050 Bar Channel Edge Gm; Small B an d  S/Logs
X120/Y30 -1.64 0.70 0.60 0.40 0.40 0.30 0.48 064 Bar Circular Rib - Gm,
X120/Y40 1.20 1.10 1.10 1.00 0.80 1.04 045 Bar
lee-elongated
Gm; C/S
X120/Y50 1.90 1.40 1.20 1.10 1.10 1.34 055 Bar Gm, c
X120/Y60 -2.17 1.10 1.00 0.90 0.80 0.70 0.90 044 Bar Thalweg-scar Gm,
X120/Y70 0.90 0.80 0.80 0.70 0.60 0.76 041 Bar Circular Rib - Gm; c / s
X120/Y80 0.80 0.60 0.50 0.50 0.40 0.56 027 Bar
lee-elongated
Gm; c / s
X120/Y90 -2.55 1.60 1.00 1.00 0.90 0.90 1.08 003 Bar Channel Edge Gm; c / s
X120/Y100 1.00 0.90 0.80 0.80 0.80 0.86 007 Thalweg after/at split Gm; C/G
X 120/YU0 1.50 1.10 1.00 1.00 0.90 1.10 021 Channel at split Gni; C/G
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X120/Y120 -3.17 1.00 0.90 0.70 0.70 0.60 0.78 000 Bar Circular Rib - Gnti C/G
X120/Y130 1.00 1.00 0.90 0.60 0.50 0.80 357 Bar
crest-elongated
Gm, C/G
X120/Y140 1.50 1.00 0.90 0.90 0.80 1.02 350 Bar Gm, C/G
X120/Y150 -3.67 0.70 0.60 0.60 0.50 0.50 0.58 343 Bar Channel Edge Gm, C/G
X120/Y160 1.40 1.20 1.00 0.90 0.70 1.04 000 Channel Cutbank Gm, B/C
X120/Y170 1.10 0.90 0.80 0.70 0.60 0.82 000 Channel Cutbank Gm, B/C
X120/Y180 -6.13 0.70 0.50 0.40 0.40 0.40 0.48 358 Channel Gm, B/C
X120/Y190 1.10 0.80 0.70 0.60 0.60 0.76 359 Thalweg at confluence Gm, B/C
X120/Y200 0.80 0.70 0.60 0.50 0.50 0.62 037 Channel at confluence Gm, B/C
X120/Y205 -2.31 Bar Channel Edge Gm, B/C
X120/Y210 -2.54 1.30 1.20 1.00 0.80 0.60 0.98 359 Bar Gmj C/S
X120/Y220 -3.01 0.90 0.70 0.60 0.60 0.60 0.68 356 Bar Bar Channel Gmj C/S
X120/Y230 -4.09 1.00 0.70 0.60 0.60 0.60 0.70 359 Bar
Edge
Thalweg Gmj C and lot o f S
X120/Y240 -3.12 1.00 1.00 0.80 0.50 0.50 0.76 013 Bar Bar Channel Gmj
X120/Y265 -1.56 Vegetated Bar
Edge
Gmj
X130/Y0 0.00 Vegetated Bar Gm?
X130/Y30 0.70 0.60 0.50 0.40 0.40 0.52 070 Bar Gmj C/S
X130/Y60 1.20 1.00 1.00 1.00 0.80 1.00 067 Bar Thalweg-scar Gm, B/C
X130/Y90 0.90 0.90 0.90 0,70 0.70 0.82 027 Bar Circular Rib - Gmj C/S
X130/Y120 1.20 1.20 1.20 1.00 1.00 1.12 357 Bar
lee-elongated 
Circular Rib - Gm, B/C
X130/Y150 1.40 0.90 0.90 0.80 0.80 0.96 346 Channel
lee-elongated
Cutbank Gm, B/C large B
(data con'd.)
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X130/Y180 -6.01 1.30 1.10 1.10 1.10 1.00 1.12 359 Bar Circular Rib - 
lee
Gnis B/G/S next to veiy Large B
X130/Y210 1.00 0.70 0.60 0.50 0.50 0.66 050 Channel at confluence/ 
split
Gm, C/G
X130/Y240 1.00 1.00 0.70 0.60 0.50 0.76 010 Bar Channel Gm, C
X135/V210 -6.54 Thalweg at confluence/ 
split
Gm, C/G
X140/Y30 0.80 0.80 0.50 0.40 0.40 0.58 065 Bar Gmj C/S
X140/Y60 1.30 1.20 1.00 0.80 0.70 1.00 013 Bar Bar Channel 
Edge
Gm, B
X140/Y90 1.00 1.00 1.00 0.90 0.80 0.94 007 Bar Circular Rib - 
lee-elongated
Gmj C/S
X140/Y 120 -3.36 1.10 1.00 0.70 0.60 0.60 0.80 032 Bar Circular Rib - 
crest-elongated
Gm, Large B/S and Vegetation
X140/Y150 -3.97 1.20 1.00 1.00 0.80 0.70 0.94 327 Bar Circular Rib - 
crest
Gm, B/C large B
X140/Y180 -4.39 0.70 0.70 0.50 0.50 0.50 0.58 000 Bar Gm, B/C
X140/Y210 0.90 0.70 0.60 0.50 0.50 0.64 006 Bar Circular Rib - 
lee
Gm, B/C
X140/Y240 1.50 1.30 1.20 1.00 1.00 1.20 041 Channel Step/straight Gm, B
X150/Y20 -3.62 1.40 1.40 076 Thalweg into cutbank Gm, B/C
X150/Y30 -2.24 1.00 1.00 0.90 0.80 0.70 0.88 066 Bar Channel Edge Gm; C/S
X150/Y40 1.00 0.80 0.60 0.60 0.60 0.72 064 Bar Channel Edge Gm; C/S
X150/Y50 0.90 0.80 0.70 0.70 0.60 0.74 058 Bar Gm; C/S
X150/Y60 -2.89 1.40 1.30 1.30 1.20 1.20 1.28 068 Bar Gm, cm
X150/Y70 1.40 1.10 0.90 0.90 0.80 1.02 027 Bar Bar Channel 
Edge
Gm, cm
(data con'd.)
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X150/Y80 1.10 0.90 0.80 0.80 0.80 0.88 000 Bar Channel-scar Gm, C/B
X150/Y90 -3.99 0.70 0.70 0.60 0.50 0.50 0.60 014 Bar Thalweg Gm, C/B
X150/Y100 -3.49 1.70 0.70 0.60 0.60 0.50 0.82 019 Bar Circular Rib - 
crest
Gm, BC
X150/Y110 -3.66 1.70 1.50 1.50 1.40 1.20 1.46 036 Bar Thalweg Gm, B/G
X150/Y120 -2.54 1.30 1.30 1.00 1.00 0.90 1.10 063 Bar Gm; B/S/Vegetation
X150/Y130
X150/Y140
0.90
0.90
0.90
0.80
0.80
0.80
0.70
0.80
0.70
0.70
0.80
0.80
042
029
Bar
Bar
Circular Rib - 
lee-elongated
Gm;
Gm;
B/S/Vegetation (Into Channel) 
B/S/Vegetation
X150/Y150 -2.67 0.80 0.60 0.60 0.60 0.50 0.62 032 Bar Gm; B/S/Vegetation
X150/YI60 1.30 1.00 0.80 0.70 0.70 0.90 057 Bar Circular Rib - 
crest-elongated
Gm; B/S/Vegetation
X150/Y170 1.10 1.00 0.90 0.90 0.80 0.94 032 Bar Bar Channel 
Edge
Gm; B/S
X150/Y180 -4.79 0.80 0.80 0.80 0.80 0.70 0.78 017 Bar Channel-scar Gm, B/C
X150/Y190 1.30 1.20 1.10 1.00 1.00 1.12 041 Bar Channel-scar Gm, B/C
X150/Y200 1.40 1.60 1.00 1.00 1.00 1.20 041 Bar along elongated 
Circular Rib
Gm, B/C
X150/Y210 -5.84 1.30 1.20 1.10 1.00 1.00 1.12 002 Bar Circular Rib - 
crest
Gm, B/C
X150/Y220 1.20 1.00 0.80 0.80 0.70 0.90 008 Bar along elongated 
Circular Rib
Gm, B/C
X150/Y230
X150/Y235 -7.64
0.90 0.90 0.80 0.60 0.60 0.76 047 Channel
Thalweg
after split 
after split
Gm,
Gm,
G/C
G/C
X150/Y240 -7.09 1.70 1.20 1.00 1.00 0.90 1.16 064 Bar Circular Rib •• 
crest
Gm, C/B
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X/Y Elev. C last Size Flow M onsholoev Subfacles Com m ents on vegetation, sedim ents,
C oordinates 1 2 3 4 5 ave Dir. Major Minor/ o r and presence of la rg e  logs
(m) (m) (m) (m) (m) (m) (m) (degr) Location Unit (*)
X150/Y250 1.70 1.50 1.40 1.20 1.20 1.40 028 Bar Circular Rib - 
lee
Gm, C/B
X150/Y260 -4.84 1.60 1.40 1.20 1.10 1.00 1.26 019 Bar Circular Rib - 
crest
Gm, C/B
X150/Y270 1.00 0.70 0.50 0.50 0.50 0.64 020 Bar Circular Rib - 
lee
Gm, C/B
X155/Y120 -5.41 Bar Thalweg Gm, G/B
X155/Y150 -2.65 Bar Bar Channel 
Edge
Gm* B/S/Vegetation
X160/Y30 -3.72 1.30 1.30 Thalweg Step/Cutbank Gm, B/C
X160/Y60 1.10 1.10 0.90 0.90 0.90 0.98 115 Bar Circular Rib - 
lee-elongated
Gm* C/S
X160/Y90 0.80 0.80 0.60 0.60 0.50 0.66 015 Bar Circular Rib - 
lee
Gm* C
X160/Y120 1.80 1.40 1.00 1.00 0.90 1.22 349 Bar Bar Channel 
Edge Circular 
Rib - lee
Gm; B
X160/Y 150 -5.20 0.80 0.70 0.70 0.60 0.60 0.68 356 Bar Thalweg Gm, C/G
X160/Y170 -6.09 0.00 0.00 Bar Thalweg Sand G/S patches in channel
X160/Y180 -5.24 0.00 0.00 069 Bar Channel Sand G/S patches in channel
X160/Y210 1.20 1.00 1.00 1.00 0.90 1.02 082 Bar Gm, B/C
X160/Y240 0.80 0.70 0.70 0.60 0.60 0.68 061 Bar Channel Edge Gm, C/B
X160/Y270 1.90 1.70 1.70 1.60 1.50 1.68 007 Bar Circular Rib - 
lee
Gm, B/C
X165/Y40 -3.24 Tlialweg Step Gm, B/C
X170/Y30 0.00 Vegetated Bar Gmn
X170/Y60 0.70 0.60 0.60 0.50 0.70 0.62 072 Bar Circular Rib - 
lee-elongated
Gm, C/S (Into channel)
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X170/Y90 0.90 0.70 0.60 0.60 0.50 0.66 022 Bar Circular Rib - Gnis C
lee
X170/Y120 1.20 1.20 1.10 1.00 1.00 1.10 055 Bar Channel-scar Gm, B/C
X170/Y150 1.20 1.10 0.90 0.80 0.80 0.96 337 Bar Gm, C/G
X170/Y180 -5.69 0.80 0.80 0.60 0.60 0.60 0.68 348 Bar along sandy area Gm, B/C
XI70/Y210 -7.64 1.10 1.10 1.00 0.90 0.90 1.00 059 Bar Channel Gm, B/C
X170/Y240 -8.79 0.70 0.70 0.60 0.60 0.50 0.62 063 Thalweg Gm, C/G
X170/Y270 1.30 1.30 1.20 1.10 1.10 1.20 019 Channel Pool (series of Gm, B/C
steps)
X175/Y40 0.00 Vegetated Bar Gmi
X175/Y60 -3.84 Thalweg Pool /  point bar Gm, B/C/Little sand from vegetated bar
X175/Y90 -2.28 Bar Channel Edge Gm, C
X175/Y180 -6.72 Bar Circular Rib - Gm, B
X180/Y60 -3.54 0.70 0.70 0.70 0.50 0.50 0.62 011 Channel
lee
Pool Gm, B/C/Little sand from vegetated bar
X180/Y65 -3.99 Thalweg Pool Gm, B/C/Little sand from vegetated bar
X180/Y70 1.00 1.00 0.50 0.50 0.40 0.68 012 Channel Pool Gm, B/C
X180/Y80 0.90 0.50 0.50 0.50 0.40 0.56 017 Bar Channel Edge Gm; C/S
X180/Y90 -3.32 0.80 0.80 0.70 0.60 0.50 0.68 042 Bar Circular Rib - Gm, S/G
lee-elongated
X I 80/Y 100 -3.23 1.10 0.70 0.70 0.60 0.60 0.74 023 Bar Circular Rib - Gm, C/B
crest
X180/Y110 0.50 0.50 0.50 0.40 0.40 0.46 014 Bar Gni; G
X180/Y120 -3.62 0.30 0.25 0.22 0.20 0.20 0.23 051 Bar Channel Gm, S (sandy patch)
X180/Y130 1.00 1.00 1.00 0.90 0.90 0.96 058 Bar Circular Rib - Gm, C/S/Logs/Vegetation
crest
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X/Y Elev. C last Size Flow M onaholoEV Subfacies C om m ents on vegetation, sedim ents,
C oordinates 1 2 3 4 5 ave Dir. Major Minor/ o r and  presence o f large logs
(m) (m) (m) (m) (m) (m) (m) (degr) Location Unit (*)
XI80/Y140 1.20 1.00 0.80 0.70 0.60 0.86 009 Bar Circular Rib - 
crest
Gm, C/S/Logs/Vegetation
X180/Y150 -4.64 1.50 1.00 0.90 0.80 0.80 1.00 004 Bar Circular Rib - 
lee
Got; B/S
X180/Y160 1.40 1.40 1.10 1.00 0.90 1.16 046 Bar Circular Rib - 
crest
Gm, B
X180/Y170 1.50 1.20 1.00 0.90 0.80 1.08 316 Bar Circular Rib - 
crest
Gm, B/S
X180/Y180 -6.09 1.00 1.00 1.00 0.90 0.90 0.96 337 Bar Circular Rib - 
lee
Gm, B/S
X180/Y190 0.60 0.50 0.40 0.40 0.40 0.46 351 Bar Bar Channel 
Edge Circular 
R ib - le e
Gms B/S
X180/Y200 0.80 0.80 0.80 0.70 0.70 0.76 358 Bar Bar Channel 
Edge Circular 
Rib - lee
Gm; B/S
X180/Y210 -7.54 1.10 1.00 0.90 0.90 0.90 0.96 000 Bar Channel Gm; G
X180/Y220 0.90 0.90 0.80 0.80 0.80 0.84 014 Bar Gm; G
X180/Y230 0.60 0.50 0.50 0.40 0.40 0.48 055 Bar Gm; G
X180/Y240 -8.67 0.80 0.60 0.50 0.40 0.40 0.54 054 Channel Cutbank Gm, B/C/G
X180/Y250 1.00 0.70 0.70 0.60 0.60 0.72 064 Bar Channel Edge Gm, C/B
X180/Y260 1.10 1.00 0.80 0.80 0.80 0.90 042 Bar Circular Rib - 
lee-elongated
Gm, C/B
X180/Y270 -9.09 1.10 1.00 0.90 0.70 0.70 0.88 048 Channel at end/W side Gm, B/C
X180/Y280 1.20 1.10 1.00 0.90 0.80 1.00 029 Channel at end/W side Gm, C/B
X180/Y290 1.30 0.70 0.60 0.50 0.40 0.70 053 Channel at W side Gm, C/G
X180/Y300 -9.47 0.30 0.20 0.20 0.20 0.20 0.22 026 Channel Grav. at W side Gm; G/C
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x/v Elev. C last Size Flow Moripholoev Subfacies Com m ents on vegetation, sedim ents.
Coordinates 1 2 3 4 5 ave Dir. Major M inor/ o r and presence of la rg e  logs
(m) (m) (m) (m) (m) (m) (m) (desr) Location Unit (•)
X180/Y310 0.50 0.50 0.50 0.40 0.30 0.44 O il Channel Grav. at W side Gm, C/B/G
X180/Y320 0.40 0.30 0.20 0.20 0.20 0.26 009 Channel Grav. at W side Gm, C/B/G
X180/Y330 -10.15 0.20 0.18 0.19 087 Channel at W end Gni5 G/C
X180/Y340 0.50 0.40 0.40 0.30 0.30 0.38 062 Channel Grav. at W side Gnt; C/B
X180/Y350 0.80 0.70 0.70 0.60 0.40 0.64 059 Channel at W end Gm ,
X180/Y360 -11.64 1.10 0.60 0.60 0.30 0.50 0.62 048 Channel at W end Gnij
X180/Y370 0.90 0.70 0.50 0.50 0.40 0.60 Channel at W end Gm;
X180/Y380 0.90 0.80 0.60 0.60 0.50 0.68 Channel at W end Gmj
X180/Y390 -13.39 0.70 0.60 0.60 0.50 0.50 0.58 Channel at W end Gm;
X190/Y90 0.80 0.70 0.60 0.60 0.50 0.64 357 Channel Step Gm; C/S
X190/Y120 1.00 0.60 0.50 0.40 0.40 0.58 036 Bar Channel Gm; c
X190/Y150 1.10 1.00 0.70 0.70 0.60 0.82 356 Bar Circular Rib - 
crest
Gm; C/S/Logs/Vegetation
X190/Y180 1.40 1.30 1.10 1.00 1.00 1.16 339 Bar Circular Rib - 
crest
Gm; Large B/S
X190/Y210 1.20 1.00 0.80 0.80 0.70 0.90 017 Bar Bar Channel 
Edge
Gm, B/C/Vegetation
XI90/Y240 0.50 0.50 0.40 0.40 0.30 0.42 030 Bar Channel Edge Gm; G
X190/Y270 1.30 1.00 1.00 0.80 0.80 0.98 041 Bar Circular Rib - 
lee-elongated
Gm, C
X190/Y300 0.60 0.50 0.40 0.30 0.30 0.42 057 Channel at W end Gm; G
X190/Y330 0.25 0.18 0.17 0.14 0.12 0.17 052 Channel at W end Gm; G
X190/Y360 1.00 1.00 0.90 0.80 0.60 0.86 013 Channel at W end Gm;
X190/Y390 1.20 1.10 1.00 0.80 0.80 0.98 342 Channel at W end Gm;
X200/Y90 -4.67 1.30 1.10 1.10 1.00 1.00 1.10 017 Channel Rib Gm, Large B
X200/Y120 1.20 0.90 0.70 0.70 0.60 0.82 003 Thalweg Pool Gm,
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xrv Elev. C last Size Flow M onpholoev Subfacies Com m ents on vegetation, sedim ents,
C oordinates 1 2 3 4 5 ave Dir. M ajor M inor/ o r and  presence of la rge  logs
(m) (m) (m) (m) M (m) (m) (degr) Location Unit (*)
X200/Y150 1.00 1.00 0.90 0.80 0.70 0.88 043 Bar Gnt) C/S/Logs/Vegetation
X200/Y180 1.00 0.90 0.70 0.60 0.60 0.76 016 Bar Circular Rib - 
lee-elongated
Gnt) C/S
X200/Y210 1.40 1.30 1.10 1.00 0.90 1.14 349 Bar Gm, C/G
X200/Y240 0.70 0.40 0.40 0.30 0.30 0.42 000 Bar Channel Gm* C
X200/Y270 -10.32 0.60 0.60 0.40 0.30 0.20 0.42 340 Channel at gravel patch Gni) C
X200AT300 0.20 0.20 0.20 0.15 0.15 0.18 054 Channel at W end Gm; s
X200/Y330 1.30 1.20 0.80 0.50 0.40 0.84 057 Channel at W end Gm; G
X200/Y360 0.90 0.90 0.70 0.70 0.70 0.78 051 Channel at W end Gm; C/B
X200/Y390 1.00 0.70 0.60 0.40 0.40 0.62 340 Channel at W end Gm; C/B
X200/Y420 -15.19 0.00 0.00 Thalweg at W end Sand
X200/Y450 -16.04 0.00 0.00 Thalweg at W end Sand
X200/Y510 -17.29 0.00 0.00 Thalweg at W end Sand
X210/Y90 -3.32 1.10 1.10 1.00 1.00 0.90 1.02 009 Bar Channel Edge Gm|
X210/Y100 1.30 1.20 1.00 0.90 0.80 1.04 340 Channel Pool Gm, B
X210/Y110 1.30 1.10 1.00 1.00 0.90 1.06 018 Channel Gm, B
X210/Y120 -4.42 1.40 1.10 1.00 0.80 0.80 1.02 350 Channel Longitudinal
Rib
Gm, B
X210/Y130 1.30 1.20 1.00 1.00 0.90 1.08 007 Channel Longitudinal
Rib
Gm, B
X210/Y140 1.40 1.30 1.20 1.00 1.00 1.18 010 Thalweg Step /series of 
steps
Gm, B
X210/Y150 -6.72 1.30 1.20 1.00 0.80 0.80 1.02 356 Bar Channel Edge Gm, B
X210/Y160 1.20 1.10 1.10 1.00 0.90 1.06 003 Bar Channel Edge Gm, B
X210/Y170 1.30 1.30 1.20 1.20 1.00 1.20 332 Bar Channel Edge Gm; B/Vegetation
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X210/Y180 -7.57 1.20 1.00 0.80 0.70 0.70 0.88 327 Bar Channel Edge Gms B/Vegetation
Circular Rib -
X210/Y190 1.30 1.20 1.00 0.90 0.80 1.04 324 Channel
lee
Gm, B
X210/Y200 1.60 1.00 0.70 0.70 0.70 0.94 000 Channel Gm, B
X210/Y210 -8.42 1.20 1.20 1.00 1.00 0.90 1.06 336 Channel Gm, B
X210/Y220 1.40 1.20 1.00 0.90 0.80 1.06 330 Channel Gm, B
X210/Y230 2.30 1.50 1.40 1.10 1.10 1.48 327 Thalweg Gm, B
X210/Y240 -9.67 1.00 0.90 0.90 0.90 0.90 0.92 350 Channel Gm, B
X210/Y250 1.20 1.10 1.00 0.90 0.90 1.02 334 Bar Channel Edge Gm, C/B
X210/Y260 1.10 1.00 0.80 0.80 0.80 0.90 340 Bar Channel Edge Gm, C/B
Circular Rib -
X210/Y270 -7.24 0.90 0.90 0.80 0.70 0.70 0.80 331 Bar
lee
Channel Edge Gm, C/B
Circular Rib -
crest
X210/Y280 1.20 1.10 1.00 0.80 0.80 0.98 002 Bar Channel Edge Gm, G
X210/Y290 1.30 1.20 0.70 0.60 0.60 0.88 356 Bar Channel Edge Gm, G
X210/Y300 -9.64 1.60 1.40 0.50 0.30 0.30 0.82 358 Channel at Gm, G
split/confluence
X210/Y310 1.50 1.30 1.00 0.90 0.70 1.08 018 Channel main to end Gm, S
X210/Y320 1.50 1.00 0.90 0.80 0.80 1.00 010 Channel main to end Gm, G
X210/Y330 -10.69 1.10 1.00 0.90 0.80 0.70 0.90 007 Channel main to end Gm, G
X210/Y340 2.30 1.40 0.70 0.70 0.50 1.12 341 Channel main to end Gm, G
X210/Y350 1.40 1.30 1.30 1.20 1.00 1.24 357 Channel main to end Gm, G
X210/Y360 -11.64 0.90 0.90 0.80 0.70 0.70 0.80 359 Channel main to end Gm, G
X2I0/Y370 2.50 2.30 1.60 1.00 0.90 1.66 337 Channel main to end Gm, G
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X210/Y380 1.20 1.00 1.00 0.90 0.70 0.96 338 Tlialweg main to end Gm, G
X210/Y390 -13.29 1.70 1.60 1.40 1.10 1.00 1.36 350 Channel main to end Gm, G
X210/Y400 1.60 1.60 1.50 1.40 1.20 1.46 354 Channel main to end Gm, G
X210/Y410 1.30 1.10 1.00 1.00 0.80 1.04 354 Channel main to end Gm, G
X210/Y420 -13.94 1.20 1.20 1.10 1.00 0.60 1.02 Bar Channel Edge Gm, G
X220/Y90 -1.77 Vegetated Bar Gm i
X220/Y150 1.30 1.10 1.10 1.00 1.00 1.10 348 Channel Pool/cutbank Gm, B/C
X220/Y180 1.20 1.20 0.60 0.60 0.60 0.84 346 Channel Pool Gms Large B/S
X220/Y210 1.80 1.30 1.20 1.20 1.10 1.32 335 Bar Bar Channel Gm, B/C
Edge Circular
Rib - lee
X220/Y240 2.00 1.30 1.10 1.00 0.90 1.26 039 Bar Circular Rib - Gm, C/B
X220/Y270 1.00 0.90 0.90 0.80 0.70 0.86 003 Bar
lee
Circular Rib - Gm, B/C
crest
X220/Y300 1.00 1.00 0.80 0.80 0.70 0.86 005 Bar Gm, B/C
X220/Y330 1.70 1.30 1.10 1.10 1.00 1.24 014 Bar east end Gm, C/B/some S
X220/Y360 1.50 1.40 1.30 1.20 1.00 1.28 354 Bar east end Gm, C/B/some S
X230/Y150 1.30 1.20 1.10 1.00 1.00 1.12 353 Channel Gm, B/C
X230/Y180 1.40 1.00 0.80 0.60 0.60 0.88 014 Bar Gm, B/C/G/Logs
X230/Y210 0.80 0.70 0.60 0.60 0.50 0.64 344 Bar Circular Rib - Gm, B/C
lee
X230/Y240 1.30 1.20 1.00 0.90 0.70 1.02 350 Bar Gm, B/G/C
X230/Y270 1.20 1.00 0.90 0.60 0.60 0.86 355 Bar Gm, B/G/C
X230/Y300 1.00 0.80 0.60 0.60 0.50 0.70 319 Bar Gm, B/G/C
X230/Y330 1.50 0.90 0.90 0 70 0.60 0.92 019 Bar east end Gm, C/B
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X230/Y360 1.40 1.30 1.10 1.00 0.80 1.12 023 Bar east end Gm, C
X240/Y150 -3.32 0.90 0.80 0.80 0.70 0.60 0.76 028 Bar Gm, B/C/G/Logs
X240/Y160 1.20 1.00 1.00 0.90 0.80 0.98 015 Bar Channel-scar- Gm, C/G
Rib
X240/Y170 0.90 0.80 0.70 0.70 0.60 0.74 021 Bar Channel-scar- Gm, B/C/G/Logs
Rib
X240/Y180 -4.82 0.90 0.70 0.70 0.60 0.60 0.70 017 Bar Gm, B/C/G/Logs
X240/Y190 1.10 1.00 1.00 1.00 0.90 1.00 017 Bar Gm, Large B
X240/Y200 0.80 0.70 0.70 0.50 0.50 0.64 332 Bar Channel Gm, Large B
X240/Y210 -7.02 1.00 1.00 0.70 0.70 0.60 0.80 340 Bar Channel Gm, Large B
X240/Y220 1.00 1.00 0.80 0.70 0.70 0.84 340 Bar Channel Gm, Large B
X240/Y230 0.90 0.80 0.80 0.70 0.60 0.76 345 Bar Channel Gm, LargeB
X240/Y240 -7.72 1.00 0.70 0.70 0.60 0.60 0.72 355 Bar Channel Gm, Large B
X240/Y250 1.00 1.00 0.80 0.60 0.50 0.78 017 Bar Channel Gm, Large B
X240/Y260 1.90 1.90 1.80 1.40 1.20 1.64 342 Bar Channel Gm, Large B
X240/Y270 -8.31 1.00 1.00 0.90 0.80 0.80 0.90 348 Bar Channel Gm, Large B
X240/Y280 1.50 1.00 0.90 0.80 0.50 0.94 302 Bar Channel Gm; S and some B/C
X240/Y290 1.00 1.00 0.60 0.60 0.50 0.74 314 Bar Channel Gm; S and some B/C
X240/Y300 -8.83 1.50 1.40 1.30 1.30 1.00 1.30 319 Bar Circular Rib - Gm; B/C/S
crest
X240/Y310 0.70 0.70 0.70 0.70 0.70 0.70 337 Bar Circular Rib - Gm; B/C/S
X240/Y320 1.10 0.90 0.80 0.50 0.50 0.76 017 Bar
lee
Gm, C
X240/Y330 -9.01 1.30 1.20 1.00 0.90 0.80 1.04 030 Bar Gm; B/C/S
X240/Y340 0.90 0.90 0.90 0.80 0.70 0.84 008 Bar Gm, c
X240/Y350 1.40 1.20 1.00 0.90 0.90 1.08 012 Bar Circular Rib - Gm, c
lee
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X/Y Elev. C last Size Flow M onaholoev Subfacies Com m ents on vegetation, sedim ents,
C oordinates 1 2 3 4 5 ave Dir. Major M iner/ o r and presence of large logs
(m) (m) (m) (m) (m) (m) (m) (degr) Location Unit (*)
X240/Y360 -10.03 0.90 0.80 0.60 0.60 0.60 0.70 032 Bar east end Gm, C
X240/Y370 0.80 0.80 0.70 0.50 0.50 0.66 Bar east end Gm, C
X240/Y380 0.80 0.70 0.60 0.60 0.50 0.64 Bar east end Gm, c
X240/Y390 -11.49 0.90 0.70 0.60 0.50 0.50 0.64 Bar east end Gm, c
X 250/Y2i0 1.50 1.20 0.90 0.90 0.70 1.04 342 Bar Gm, B/G/C
X250/Y240 0.90 0.80 0.50 0.50 0.40 0.62 342 Bar Channel Gm , S and some B/C
X260/Y210 1.00 1.00 0.90 0.70 0.70 0.86 007 Bar Channel G m ,
X260/Y240 1.30 1.30 1.30 1.10 1.10 1.22 317 Bar Channel Gm ;
X270/Y210 -7.22 1.20 1.20 1.00 0.90 0.80 1.02 350 Bar Channel Gm*
X270/Y220 0.80 0.60 0.60 0.50 0.50 0.60 000 Bar Channel Gm*
X270/Y230 0.80 0.80 0.50 0.40 0.40 0.58 032 Bar Channel Gm;
X270/Y240 -5.80 1.30 1.20 1.10 1.00 1.00 1.12 319 Bar Gm, Large B/Logs
X280/Y210 -5.37 Vegetated Bar Gm ;
(*) B = B oulders
C = C obbles
G = G ravel
S = Sand
■D
CD
C /)
C /)
S)
o\
APPENDIX B:
FIELD DATA COLLECTED ON THE INDIVIDUAL BAR 
WITHIN THE ABANDONED CHANNEL REACH 
(REFER TO FIGURE 5 FOR LOCATION OF SAMPLING POINTS)
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X/Y
Coord.
C last Size S jihericity (*) 
and Folk 119571)
Flow
Dir.
Im b r.
(degr)
Elev.
(m)
M orphology
a
axis
(m)
b
axis
(m)
c
axis
(m)
(Sneec
(a-b)/
(a-c) c/a Sphericity (degr)
Y0/X7 1.53 1.02 0.81 0.71 0.53 CE 23 42 -1.26 Ear
Y0/X7 1.35 0.84 0.72 0.81 0.53 CE 2 39 -1.26 E ar
Y0/X7 1.32 1.02 0.53 0.38 0.40 B 83 45 -1.26 E ar
Y0/X7 1.12 0.75 0.64 0.77 0.57 CE 112 33 -1.26 E ar
Y0/X7 1.00 0.79 0.52 0.44 0.52 CE 103 24 -1.26 E ar
Y0/X7 0.95 0.81 0.69 0.54 0.73 C -1.26 Ear
Y0/X7 0.92 0.69 0.52 0.58 0.57 CE -1.26 E ar
Y0/X7 0.84 0.83 0.59 0.04 0.70 CP -1.26 Ear
Y0/X7 0.77 0.63 0.45 0.44 0.58 CE -1.26 Bar
Y0/X7 0.74 0.53 0.51 0.91 0.69 CE -1.26 Ear
Y7/X7 1.62 0.93 0.82 0.86 0.51 CE 17 43 -1.15 Ear
Y7/X7 1.15 1.10 0.61 0.09 0.53 CP 327 27 -1.15 Bar
Y7/X7 1.33 1.15 0.87 0.39 0.65 CE 367 40 -1.15 Ear
Y7/X7 1.15 0.91 0.53 0.39 0.46 E 359 62 -1.15 Ear
Y7/X7 1.45 1.45 0.62 0.00 0.43 P 7 43 -1.15 Bar
Y7/X7 1.09 0.83 0.78 0.84 0.72 C -1.15 Bar
Y7/X7 1.10 0.78 0.61 0.65 0.55 CE -1.15 Ear
Y7/X7 1.07 1.03 0.65 0.10 0.61 CP -1.15 Bar
Y7/X7 1.01 0.65 0.43 0.62 0.43 E -1.15 Bar
Y7/X7 0.97 0.55 0.41 0.75 0.42 E -1.15 Ear
Y14/X7 1.15 0.75 0.40 0.53 0.35 E 53 46 -0.70 Bar
Y14/X7 0.90 0.85 0.40 0.10 0.44 P 68 40 -0.70 Bar
Y14/X7 0.93 0.78 0.65 0.54 0.70 CE 12 62 -0.70 Bar
Y14/X7 1.00 0.73 0.62 0.71 0.62 CE 354 48 -0.70 Bar
Y14/X7 1.00 0.75 0.55 0.56 0.55 CE 61 54 -0.70 Bar
Y14/X7 0.82 0.71 0.64 0.61 0.78 C 0  70 Bar
Y14/X7 1.00 0.83 0.62 0.45 0.62 CE -0.70 Bar
Y14/X7 1.00 0.85 0.51 0.31 0.51 CP 0  70 Bar
Y14/X7 0.91 0.53 0.42 0.78 0.46 E -0.70 Bar
Y14/X7 0.92 0.45 0.45 1.00 0.49 E -0.70 Bar
Y2I/X0 0.90 0.54 0.23 0.54 0.26 VB 338 54 -0.83 Bar
Y2I/X0 0.80 0.75 0.43 0.14 0.54 CP 354 61 -0.83 Bar
Y21/X0 0.75 0.50 0.39 0.69 0.52 CE 233 48 -0.83 Bar
Y21/X0 0.74 0.69 0.42 0.16 0.57 CP 316 57 -0.83 Bar
Y21/X0 0.93 0.60 0.37 0.59 0.40 E 324 49 -0.83 Bar
Y21/X0 1.00 0.85 0.56 0.34 0.56 CE -0.83 Bar
Y21/X0 0.63 0.58 0.52 0.45 0.83 C -0.83 Bar
Y21/X0 0.70 0.54 0.41 0.55 0.59 CE -0.83 Bar
Y21/X0 0.65 0.39 0.32 0.79 0.49 E -0.83 Bar
Y21/X0 0.61 0.44 0.28 0.52 0.46 E -0.83 Bar
Y2I/X7 1.21 0.63 0.42 0.73 0.35 E 23 24 -0.60 Bar
Y21/X7 0.93 0.56 0.55 0.97 0.59 CE 18 33 -0.60 Bar
Y21/X7 0.85 0.75 0.55 0.33 0.65 CE 30 41 -0.60 Bar
Y2I/X7 0.82 0.65 0.62 0.85 0.76 C 45 27 -0.60 Bar
Y21/X7 0.85 0.61 0.43 0.57 0.51 CE 325 37 -0.60 Bar
(data con'd.)
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X/Y
C oord.
C ast Size Sphericity (* )  
oik 119571)
Flow
Dir.
Im br.
(degr)
Elev.
(m)
M orphology
a
axis
(m)
b
axis
(m)
c
axis
(m)
(Sneecla n d  F
(a-b)/
(a-c) c/a Sphericity (degr)
Y21/X7 0.85 0.55 0.40 0.67 0.47 B -0.60 B ar
Y21/X7 0.90 0.60 0.50 0.75 0.56 CE -0.60 B ar
Y21/X7 0.80 0.50 0.50 1.00 0.63 VE -0.60 B ar
Y21/X7 0.70 0.60 0.40 0.33 0.57 CP -0.60 B ar
Y21/X7 0.70 0.55 0.40 0.50 0.57 CB -0.60 B ar
Y21/X14 1.05 0.90 0.65 0.38 0.62 CB 9 29 -1.43 C ircular Rib-crest
Y21/X14 1.00 0.80 0.49 0.39 0.49 B 343 71 -1.43 C ircular Rib-crest
Y 2I/X 14 1.12 0.76 0.42 0.51 0.38 B 359 56 -1.43 C ircular Rib-crest
Y21/X14 0.94 0.59 0.44 0.70 0.47 E 33 41 -1.43 C ircular Rib-crest
Y21/X14 0.72 0.58 0.42 0.47 0.58 CB 22 54 -1.43 C ircular Rib-crest
Y21/X14 1.00 0.77 0.52 0.48 0.52 CB -1.43 C ircular Rib-crest
Y 2I/X 14 0.94 0.86 0.36 0.14 0.38 P -1.43 C ircular Rib-crest
Y21/X14 1.03 0.91 0.47 0.21 0.46 P -1.43 C ircular Rib-crest
Y21/X14 0.99 0.74 0.54 0.56 0.55 CB -1.43 C ircular Rib-crest
Y21/X14 0.83 0.66 0.42 0.41 0.51 CB -1.43 C ircular Rib-crest
Y28/X0 0.60 0.58 0.29 0.06 0.48 P 0 59 -1.00 B ar
Y28/X0 0.81 0.64 0.40 0.41 0.49 B 22 67 -1.00 B ar
Y28/X0 0.77 0.63 0.25 0.27 0.32 P 6 73 -1.00 B ar
Y28/X0 0.76 0.50 0.43 0.79 0.57 CE 41 35 -1.00 B ar
Y28/X0 0.71 0.47 0.28 0.56 0.39 B 10 44 -1.00 B ar
Y28/X0 0.70 0.48 0.22 0.46 0.31 B -1.00 B ar
Y28/X0 0.63 0.35 0.21 0.67 0.33 B -1.00 B ar
Y28/X0 0.53 0.38 0.25 0.54 0.47 B -1.00 B ar
Y28/X0 0.77 0.45 0.29 0.67 0.38 B -1.00 B ar
Y28/X0 0.61 0.41 0.32 0.69 0.52 CE -1.00 B ar
Y28/X7 1.06 0.58 0.42 0.75 0.40 E 103 32 -1.10 B ar
Y28/X7 0.75 0.71 0.43 0.13 0.57 CP 15 46 -1.10 B ar
Y28/X7 0.75 0.54 0.41 0.62 0.55 CB 10 58 -1.10 B ar
Y28/X7 0.80 0.75 0.55 0.20 0.69 CP 28 41 -1.10 B ar
Y28/X7 0.75 0.61 0.32 0.33 0.43 P 20 39 -1.10 B ar
Y28/X7 0.85 0.61 0.52 0.73 0.61 CE -1.10 B ar
Y28/X7 1.00 0.75 0.61 0.64 0.61 CB -1.10 B ar
Y28/X7 0.62 0.54 0.43 0.42 0.69 CB -1.10 B ar
Y28/X7 0.73 0.51 0.35 0.58 0.48 B -1.10 B ar
Y28/X7 0.65 0.55 0.52 0.77 0.80 C -1.10 B ar
Y28/X14 0.78 0.63 0.56 0.68 0.72 C 353 63 -1.62 C ircular Rib-lee
Y28/X14 1.20 0.74 0.48 0.64 0.40 B 342 72 -1.62 C ircular Rib-lee
Y28/X14 0.85 0.53 0.49 0.89 0.58 CE 14 31 -1.62 C ircular Rib-lee
Y28/X14 0.84 0.65 0.39 0.42 0.46 B 359 54 -1.62 C ircular Rib-lee
Y28/X14 0.81 0.52 0.33 0.60 0.41 B 6 47 -1.62 Circular Rib-lee
Y28/X14 0.94 0.72 0.49 0.49 0.52 CB -1.62 C ircular Rib-lee
Y28/X14 0.87 0.66 0.42 0.47 0.48 B -1.62 C ircular Rib-lee
Y28/X14 0.84 0.52 0.37 0.68 0.44 E -1.62 C ircular Rib-lee
Y28/X14 0.89 0.59 0.56 0.91 0.63 CE -1.62 C ircular Rib-lee
Y28/X14 0.79 0.47 0.39 0.80 0.49 E -1.62 C ircular Rib-lee
(data con'd.)
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X/Y O a s t  Size S pheric ity  (*) Flow Im br. Elev. M orphology
Coord. a b c (Sneec and Folk 119571) D ir.
axis axis axis (a-b)/
(m) (m) (m) (a-c) c/a Sphericity (degr) (degr) (m)
Y35/X0 0.88 0.77 0.39 0.22 0.44 P 348 41 -1.54 Bar
Y35/X0 0.92 0.42 0.37 0.91 0.40 E 320 64 -1.54 B ar
Y35/X0 0.78 0.49 0.36 0.69 0.46 E 325 52 -1.54 Bar
Y35/XO 0.72 0.38 0.32 0.85 0.44 E 0 37 -1.54 Bar
Y35/X0 0.84 0.41 0.33 0.84 0.39 E 355 46 -1.54 Bar
Y35/X0 0.72 0.68 0.53 0.21 0.74 C -1.54 Bar
Y35/X0 0.60 0.42 0.34 0.69 0.57 CE -1.54 Bar
Y35/X0 0.70 0.46 0.34 0.67 0.49 B -1.54 B ar
Y35/X0 0.61 0.49 0.28 0.36 0.46 B -1.54 Bar
Y35/XO 0.62 0.37 0.32 0.83 0.52 CE -1.54 Bar
Y35/X7 0.82 0.63 0.61 0.90 0.74 C 23 45 -1.62 Bar
Y35/X7 0.81 0.55 0.41 0.65 0.51 ( 3 333 32 -1.62 Bar
Y35/X7 0.84 0.51 0.44 0.83 0.52 CE 348 42 -1.62 Bar
Y35/X7 0.85 0.73 0.54 0.39 0.64 CB 35 55 -1.62 B ar
Y35/X7 0.75 0.65 0.42 0.30 0.56 CP 13 62 -1.62 Bar
Y35/X7 1.13 0.83 0.54 0.51 0.48 B -1.62 Bar
Y35/X7 0.87 0.54 0.45 0.79 0.52 CE -1.62 Bar
Y35/X7 0.71 0.41 0.38 0.91 0.54 CE -1.62 Bar
Y35/X7 0.73 0.44 0.41 0.91 0.56 CE -1.62 Bar
Y35/X7 0.71 0.45 0.32 0.67 0.45 B -1.62 Bar
Y35/X14 1.03 0.59 0.47 0.79 0.46 E 337 72 -1.84 Bar
Y35/X14 0.65 0.53 0.52 0.92 0.80 C 349 39 -1.84 Bar
Y35/X14 0.68 0.42 0.39 0.90 0.57 CE 344 32 -1.84 Bar
Y35/X14 0.64 0.37 0.36 0.96 0.56 CE 259 53 -1.84 Bar
Y35/X14 0.75 0.51 0.29 0.52 0.39 B 332 47 -1.84 Bar
Y35/X14 0.83 0.71 0.42 0.29 0.51 CP -1.84 Bar
Y35/X14 0.73 0.41 0.36 0.86 0.49 E -1.84 Bar
Y35/X14 0.66 0.51 0.21 0.33 0.32 P -1.84 Bar
Y35/X14 0.61 0.42 0.23 0.50 0.38 B -1.84 B ar
Y35/X14 0.60 0.37 0.34 0.88 0.57 CE -1.84 Bar
Y35/X21 2.04 1.08 0.75 0.74 0.37 E 18 83 -1.79 Bar
Y35/X21 1.25 0.86 0.79 0.85 0.63 CE 8 79 -1.79 B ar
Y35/X21 0.98 0.73 0.69 0.86 0.70 CE 6 81 -1.79 Bar
Y35/X2I 1.34 0.64 0.50 0.83 0.37 E 31 45 -1.79 Bar
Y35/X21 0.89 0.69 0.45 0.45 0.51 CB 22 67 -1.79 Bar
Y35/C<21 1.10 0.57 0.48 0.85 0.44 E -1.79 Bar
Y35/X2I 0.85 0.52 0.43 0.79 0.51 CE -1.79 Bar
Y35/X21 0.84 0.64 0.37 0.43 0.44 B -1.79 Bar
Y35/X21 0.87 0.51 0.44 0.84 0.51 CE -1.79 Bar
Y35/X21 0.81 0.47 0.42 0.87 0.52 CE -1.79 Bar
Y42/X0 0.77 0.63 0.39 0.37 0.51 CB 359 33 -2.19 C ircular Rib-crest
Y42/X0 0.70 0.37 0.35 0.94 0.50 CE 351 36 -2.19 C ircular Rib-crest
Y42/X0 0.63 0.42 0.36 0.78 0.57 CE 338 79 -2.19 C ircular Rib-crest
Y42/X0 0.65 0.54 0.45 0.55 0.69 CB 330 62 -2.19 C ircular Rib-crest
Y42/X0 0.54 0.44 0.30 0.42 0.56 CB 357 68 -2.19 C ircular Rib-crest
(data con'd.)
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X/Y C la s t Size Sphericity  (*) Flow Im br. Elev. M orphology
C oord. a b c (Sneec and  Folk 119571) D ir.
axis axis axis (a-b)/
(m) (m) (m) (a-c) c/a Sphericity (degr) (degr) (m)
Y42/X0 0.47 0.40 0.29 0.39 0.62 CB -2.19 C ircu lar Rib-crest
Y42/X0 0.65 0.49 0.31 0.47 0.48 B -2.19 C ircu lar Rib-crest
Y42/X0 0.77 0.48 0.23 0.54 0.30 VB -2.19 C ircu lar Rib-crest
Y42/X0 0.48 0.40 0.39 0.89 0.81 C -2.19 C ircu lar Rib-crest
Y42/X0 0.51 0.39 0.32 0.63 0.63 CB -2.19 C ircu lar Rib-crest
Y42/X7 0.75 0.73 0.35 0.05 0.47 P 358 52 -2.02 B ar
Y42/X7 1.02 0.81 0.55 0.45 0.54 CB 9 31 -2.02 Bar
Y42/X7 0.81 0.52 0.43 0.76 0.53 CE 5 42 -2.02 Bar
Y42/X7 0.63 0.48 0.24 0.38 0.38 VB 44 25 -2.02 Bar
Y42/X7 0.73 0.54 0.52 0.90 0.71 C 11 26 -2.02 Bar
Y42/X7 0.74 0.50 0.43 0.77 0.58 CE -2.02 Bar
Y42/X7 0.68 0.54 0.37 0.45 0.54 CB -2.02 Bar
Y42/X7 0.60 0.48 0.45 0.80 0.75 C -2.02 Bar
Y42/X7 0.62 0.38 0.35 0.89 0.56 CE -2.02 Bar
Y42/X7 0.71 0.50 0.43 0.75 0.61 CE -2.02 Bar
Y42/X14 0.99 0.61 0.34 0.58 0.34 B 346 51 -2.03 C ircular Rib-lee
Y42/X14 1.12 0.44 0.29 0.82 0.26 VE 322 29 -2.03 C ircular Rib-lee
Y42/X14 0.85 0.63 0.41 0.50 0.48 B 349 63 -2.03 C ircular Rib-lee
Y42/X14 1.07 0.69 0.57 0.76 0.53 CE 342 53 -2.03 C ircular Rib-lee
Y42/X14 0.82 0.62 0.39 0.47 0.48 B 339 61 -2.03 C ircular Rib-lee
Y42/X14 0.74 0.47 0.41 0.82 0.55 CE -2.03 C ircular Rib-lee
Y 42/X I4 0.69 0.43 0.36 0.79 0.52 CE -2.03 C ircular Rib-lee
Y42/X14 0.71 0.37 0.35 0.94 0.49 E -2.03 C ircular Rib-lee
Y42/X14 0.68 0.54 0.41 0.52 0.60 CB -2.03 C ircular Rib-lee
Y42/X14 0.67 0.42 0.37 0.83 0.55 CE -2.03 C ircular Rib-lee
Y42/X21 1.10 0.70 0.63 0.85 0.57 CE 31 73 -2.26 B ar
Y42/X21 1.06 0.88 0.59 0.38 0.56 CB 16 69 -2.26 Bar
Y42/X21 0.93 0.91 0.44 0.04 0.47 P 28 46 -2.26 B ar
Y42/X21 0.98 0.62 0.34 0.56 0.35 B 0 35 -2.26 Bar
Y42/X21 0.83 0.59 0.47 0.67 0.57 CB II 63 -2.26 Bar
Y42/X21 0.93 0.69 0.58 0.69 0.62 CE -2.26 B ar
Y42/X21 0.77 0.56 0.26 0.41 0.34 B -2.26 B ar
Y42/X21 0.74 0.52 0.29 0.49 0.39 B -2.26 B ar
Y42/X2I 0.72 0.57 0.38 0.44 0.53 CB -2.26 Bar
Y42/X21 0.93 0.61 0.39 0.59 0.42 B -2.26 Bar
Y49/X0 0.77 0.53 0.42 0.69 0.55 CE 350 25 -2.55 Bar
Y49/X0 0.50 0.45 0.34 0.31 0.68 CP 341 19 -2.55 B ar
Y49/X0 0.68 0.59 0.41 0.33 0.60 CP 347 41 -2.55 B ar
Y49/X0 0.60 0.39 0.20 0.53 0.33 B 15 33 -2.55 Bar
Y49/X0 0.49 0.37 0.18 0.39 0.37 B 332 54 -2.55 Bar
Y49/X0 0.49 0.24 0.19 0.83 0.39 E -2.55 Bar
Y49/X0 0.51 0.44 0.32 0.37 0.63 CB -2.55 Bar
Y49/X0 0.53 0.37 0.15 0.42 0.28 VB -2.55 Bar
Y49/X0 0.62 0.51 0.34 0.39 0.55 CB -2.55 Bar
Y49/X0 0.48 0.31 0.19 0.59 0.40 B -2.55 Bar
(data con'd.)
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X7Y O a s t  Size S ph eric ity  (*) Flow Im b r. Elev. M orphology
C oord . a b c (SneecI and  Folk 119571) D ir.
axis axis axis (a-b)/
(m) (in) (m) (a-c) c/a Sphericity (degr) (degr) (m)
Y49/X7 1.00 0.72 0.66 0.82 0.66 CE 358 29 -2.40 Bar
Y49/X7 0.83 0.48 0.40 0.81 0.48 E 353 36 -2.40 Bar
Y49/X7 0.72 0.47 0.43 0.86 0.60 CE 339 54 -2.40 Bar
Y49/X7 0.69 0.48 0.37 0.66 0.54 CB 11 47 -2.40 Bar
Y49/X7 0.74 0.66 0.58 0.50 0.78 C 23 33 -2.40 Bar
Y 49/X7 0.80 0.75 0.45 0.14 0.56 CP -2.40 Bar
Y49/X7 1.12 0.62 0.49 0.79 0.44 E -2.40 Bar
Y49/X7 0.80 0.51 0.45 0.83 0.56 CE -2.40 Bar
Y49/X7 0.60 0.50 0.47 0.77 0.78 C -2.40 Bar
Y49/X7 0.61 0.42 0.40 0.90 0.66 CE -2.40 Bar
Y49/X14 1.37 0.92 0.33 0.00 359 36 -2.51 Circular Rib-lee
Y49/X14 0.89 0.83 0.49 0.15 0.55 CP 351 49 -2.51 C ircular Rib-lee
Y49/X14 1.20 1.02 0.63 0.32 0.53 CP 14 41 -2.51 Circular Rib-lee
Y49/X14 1.05 0.84 0.39 0.32 0.37 P 340 52 -2.51 Circular Rib-lee
Y49/X14 0.95 0.78 0.37 0.29 0.39 P 345 57 -2.51 Circular Rib-lee
Y49/X14 0.76 0.41 0.32 0.80 0.42 E -2.51 Circular Rib-lee
Y49/X14 0.63 0.60 0.21 0.07 0.33 P -2.51 Circular Rib-lee
Y49/X14 0.88 0.71 0.39 0.35 0.44 B -2.51 Circular Rib-lee
Y49/X14 0.85 0.64 0.32 0.40 0.38 B -2.51 Circular Rib-lee
Y49/X14 0.78 0.44 0.31 0.72 0.40 E -2.51 Circular Rib-lee
Y49/X14 0.98 0.51 0.43 0.85 0.44 E -2.51 Circular Rib-lee
Y49/X21 1.00 0.85 0.66 0.44 0.66 CB 53 84 -2.83 Circular Rib-lee
Y49/X21 0.95 0.73 0.62 0.67 0.65 CB 35 73 -2.83 Circular Rib-lee
Y49/X21 0.89 0.64 0.47 0.60 0.53 CB 19 59 -2.83 Circular Rib-lee
Y49/X21 0.69 0.60 0.58 0.82 0.84 C 31 47 -2.83 Circular Rib-lee
Y49/X21 0.73 0.55 0.39 0.53 0.53 CB 10 53 -2.83 Circular Rib-lee
Y49/X21 0.74 0.51 0.33 0.56 0.45 B -2.83 Circular Rib-lee
Y49/X21 0.63 0.37 0.31 0.81 0.49 E -2.83 Circular Rib-lee
Y49/X21 0.65 0.41 0.28 0.65 0.43 B -2.83 Circular Rib-lee
Y49/X21 0.58 0.32 0.29 0.90 0.50 E -2.83 Circular Rib-lee
Y49/X21 0.59 0.40 0.32 0.70 0.54 CE -2.83 Circular Rib-lee
Y56/X0 0.80 0.44 0.35 0.80 0.44 E 20 44 -3.20 Circular Rib-lee
Y56/X0 0.66 0.32 0.29 0.92 0.44 E 0 32 -3.20 Bar
Y56/X0 0.51 0.33 0.18 0.55 0.35 B 15 61 -3.20 Bar
Y56/X0 0.54 0.36 0.27 0.67 0.50 B 11 54 -3.20 Bar
Y56/X0 0.42 0.31 0.25 0.65 0.60 CB 12 47 -3.20 Bar
Y56/X0 0.48 0.36 0.31 0.71 0.65 CE -3.20 Bar
Y56/X0 0.47 0.33 0.32 0.93 0.68 CE -3.20 Bar
Y56/X0 0.52 0.34 0.28 0.75 0.54 CE -3.20 Bar
Y56/X0 0.54 0.39 0.36 0.83 0.67 CE -3.20 Bar
Y56/X0 0.49 0.36 0.18 0.42 0.37 B -3.20 B ar
Y56/X7 0.82 0.67 0.45 0.41 0.55 CB 10 45 -2.96 Bar
Y56/X7 0.80 0.66 0.42 0.37 0.53 CB 323 68 -2.96 Bar
Y56/X7 0.82 0.58 0.40 0.57 0.49 B 319 54 -2.96 Bar
Y56/X7 0.85 0.65 0.33 0.38 0.39 B 9 39 -2.96 Bar
(data con'd.)
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X/Y
Coord.
G ast Size Sphericity (*) 
(Sneed and Folk 11957])
Flow
Dir.
(degr)
Im br.
(degr)
Elev.
(m)
M orphology
a
axis
(m)
b
axis
(m)
C
axis
(m)
(a-b)/
(a-c) c/a Sphericity
Y56/X7 0.65 0.50 0.31 0.44 0.48 B 33 34 -2.96 Bar
Y56/X7 0.83 0.63 0.38 0.44 0.46 B -2.96 Bar
Y56/X7 0.82 0.50 0.41 0.78 0.50 E -2.96 B ar
Y56/X7 0.79 0.58 0.34 0.47 0.43 B -2.96 B ar
Y56/X7 0.71 0.43 0.32 0.72 0.45 E -2.96 Bar
Y56/X7 0.67 0.51 0.43 0.67 0.64 B -2.96 Bar
Y56/X14 1.02 0.87 0.64 0.39 0.63 CB 6 68 -3.09 Circular Rib-crest
Y56/X14 0.92 0.78 0.55 0.38 0.60 CB 22 51 -3.09 Circular Rib-crest
Y56/X14 1.15 0.73 0.47 0.62 0.41 B 358 73 -3.09 Circular Rib-crest
Y56/X14 1.26 0.72 0.64 0.87 0.51 CE 32 67 -3.09 Circular Rib-crest
Y56/X14 0.86 0.57 0.39 0.62 0.45 B 29 59 -3.09 Circular Rib-crest
Y56/X14 0.94 0.62 0.41 0.60 0.44 B -3.09 Circular Rib-crest
Y56/X14 0.87 0.58 0.51 0.81 0.59 CE -3.09 Circular Rib-crest
Y56/X14 0.84 0.50 0.39 0.76 0.46 E -3.09 Circular Rib-crest
Y56/X14 0.73 0.47 0.28 0.58 0.38 B -3.09 Circular Rib-crest
Y56/X14 0.71 0.42 0.34 0.78 0.48 E -3.09 Circular Rib-crest
Y56/X21 0.80 0.59 0.41 0.54 0.51 CB 18 47 -3.64 Circular Rib-lee
Y56/X21 0.87 0.57 0.54 0.91 0.62 CE 34 51 -3.64 Circular Rib-lee
Y56/X21 1.00 0.53 0.49 0.92 0.49 E 10 39 -3.64 Circular Rib-lee
Y56/X21 0.79 0.47 0.36 0.74 0.46 E 2 73 -3.64 Circular Rib-lee
Y56/X21 0.82 0.36 0.35 0.98 0.43 E 31 64 -3.64 Circular Rib-lee
Y56/X21 0.68 0.37 0.32 0.86 0.47 E -3.64 Circular Rib-lee
Y56/X21 0.74 0.41 0.36 0,87 0.49 E -3.64 Circular Rib-lee
Y56/X2I 0.63 0.42 0.33 0.70 0.52 CE -3.64 Circular Rib-lee
Y56/X21 0.61 0.39 0.31 0.73 0.51 CE -3.64 Circular Rib-lee
Y56/X2I 0.59 0.32 0.29 0.90 0.49 E -3.64 Circular Rib-lee
Y63/X7 0.98 0.70 0.43 0.51 0.44 B 15 51 -3.44 Circular Rib-lee
Y63/X7 0.78 0.77 0.45 0.03 0.58 CP 359 69 -3.44 B ar
Y63/X7 0.68 0.63 0.35 0.15 0.51 CP 339 53 -3.44 Bar
Y63/X7 0.68 0.59 0.32 0.25 0.47 P 11 36 -3.44 B ar
Y63/X7 0.95 0.70 0.42 0.47 0.44 B 358 70 -3.44 Bar
Y63/X7 0.70 0.47 0.44 0.88 0.63 CE -3.44 Bar
Y63/X7 0.75 0.56 0.23 0.37 0.31 B -3.44 B ar
Y63/X7 0.53 0.53 0.34 0.00 0.64 CP -3.44 Bar
Y63/X7 0.72 0.40 0.29 0.74 0.40 E -3.44 Bar
Y63/X7 0.61 0.52 0.44 0.53 0.72 C -3.44 Bar
Y63/X14 1.05 0.75 0.44 0.49 0.42 B 20 77 -3.58 Circular Rib-crest
Y63/X14 1.00 0.67 0.39 0.54 0.39 B 24 62 -3.58 Circular Rib-crest
Y63/X14 0.79 0.52 0.52 1.00 0.66 VE 6 54 -3.58 Circular Rib-crest
Y63/X14 0.90 0.49 0.23 0.61 0.26 VB 349 67 -3.58 Circular Rib-crest
Y63/X14 1.00 0.57 0.52 0.90 0.52 CE 346 71 -3.58 Circular Rib-crest
Y63/X14 0.85 0.53 0.40 0.71 0.47 E -3.58 Circular Rib-crest
Y63/X14 0.83 0.49 0.29 0.63 0.35 B -3.58 Circular Rib-crest
Y63/X14 0.93 0.59 0.54 0.87 0.58 CE -3.58 Circular Rib-crest
Y63/X14 1.00 0.90 0.68 0.31 0.68 CP -3.58 Circular R ib-crest
(data con'd.)
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X /Y C last Size Sphericity  (*) Flow Im br. Elev. M orphology
C oord. a b c (Sneed and Folk [1957]) Dir.
axis axis axis (a -b ) /1
(m) (m) M (a-c) 1 c/a Sphericity (degr) (degr) (m)
Y63/X14 0.87 0.51 0.43 0.82 0.49 E -3.58 Circular Rib-crest
Y70/X7 0.88 0.64 0.63 0.96 0.72 C 0 32 -4.93 Bar
Y70/X7 0.83 0.55 0.41 0.67 0.49 B 351 45 -4.93 Bar
Y70/X7 0.63 0.58 0.57 0.83 0.90 C 331 63 -4.93 Bar
Y70/X7 0.60 0.35 0.34 0.96 0.57 CE 12 34 -4.93 Bar
Y70/X7 0.57 0.41 0.25 0.50 0.44 B 31 39 -4.93 Bar
Y70/X7 0.43 0.42 0.28 0.07 0.65 CP -4.93 Bar
Y70/X7 0.50 0.37 0.19 0.42 0.38 B -4.93 Bar
Y70/X7 0.63 0.41 0.20 0.51 0.32 B -4.93 Bar
Y70/X7 0.57 0.33 0.30 0.89 0.53 CE -4.93 Bar
Y70/X7 0.52 0.39 0.36 0.81 0.69 CE -4.93 Bar
Y70/X14 1.40 0.98 0.30 0.00 9 59 -4.75 Bar
Y70/X14 0.87 0.54 0.36 0.65 0.41 B 351 43 -4.75 Bar
Y70/X14 0.85 0.48 0.39 0.80 0.46 E 16 64 -4.75 Bar
Y70/X14 0.71 0.59 0.53 0.67 0.75 C 5 42 -4.75 Bar
Y70/X14 0.88 0.58 0.37 0.59 0.42 B 356 39 -4.75 Bar
Y70/X14 0.68 0.49 0.33 0.54 0.49 B -4.75 Bar
Y70/X14 0.83 0.47 0.34 0.73 0.41 E ^ .7 5 Bar
Y70/X14 0.79 0.39 0.36 0.93 0.46 E -4.75 Bar
Y70/X14 0.74 0.41 0.33 0.80 0.45 E -4.75 Bar
Y70/X14 0.71 0.39 0.35 0.89 0.49 E -4.75 Bar
Y70/X14 0.68 0.37 0.29 0.79 0.43 E -4.75 Bar
(*) VE = Very elongated B = Bladed
P = Platy CP = Compact Platy
E = Elongated VB = Very Bladed
CB = Compact Bladed C = Compact
CE = Compact Elongated
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